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ABSTRACT 
 
Identification of ignitable liquids in fire debris analysis using pattern recognition 
is an important step in determining the nature of a suspicious fire.  Complex mixtures 
that make up ignitable liquids are susceptible to microbial degradation when fire debris 
evidence is presented in the form of soil. Microbial degradation results in a selective 
metabolism of certain classes of compounds required for identification of an ignitable 
liquid. Various ignitable liquids that may be used to initiate or propagate a fire contain 
different classes of organic compounds. These include normal alkanes, branched 
alkanes, cycloalkanes, aromatics, terpenes, and others. In this work, microbial 
degradation of nine ignitable liquids in soil was evaluated over a period of twenty-six 
days. The degradation of aromatic compounds in gasoline was faster with toluene and 
C2-alkylbenzenes than in C3-alkylbenzenes. However, the overall loss of aromatics made 
gasoline chromatographically unidentifiable. The complete loss of n-alkanes in medium 
and petroleum distillates resulted in patterns that resembled naphthenic-paraffinic 
products. Normal alkanes were more susceptible to microbial degradation than 
isoalkanes, which was specifically demonstrated in medium and heavy petroleum 
distillates. In diesel, pristane and phytane remained prominent in comparison to the 
normally prevalent n-alkanes, which could no longer be detected post-degradation. The 
degradation of isoalkanes and cycloalkanes was evaluated in a naphthenic-paraffinic 
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product. Isoalkanes were degraded significantly faster than cycloalkanes. The remaining 
peaks in the naphthenic-paraffinic pattern consisted solely of cycloalkane compounds, 
and could no longer be classified as a naphthenic-paraffinic product. The terpene 
compounds in turpentine were also observed to be susceptible to degradation by 
microorganisms. The loss of !-pinene, limonene, and camphene was significantly 
noticeable in comparison to other terpene compounds, such as 1,4-cineole. 
 Microbial biodegradation in different soil types was investigated. The difference 
in soil texture can affect the rate of metabolism of ignitable liquids due to the variance of 
available oxygen, nutrients and mobility of the microbial population. The degradation of 
isoalkanes, cycloalkanes, aromatics and heavier normal alkanes was faster in clay, 
whereas normal alkanes of lower molecular weight were degraded more readily in sand. 
There has been no explanation of this occurrence within the scientific literature, however 
it could be hypothesized that the difference in microbial flora and water saturation 
levels could affect the selective degradation between the two soil types.  
Fire debris evidence is often stored for long periods of time before analysis due 
to case backlogs. The storage condition of arson-related soil samples is a sensitive 
subject. If evidence, containing soil, is stored at room temperature, petroleum 
compounds in any ignitable liquid residues that are present will be degraded within a 
week. Therefore, it is important to freeze or refrigerate soil samples. The storage of both 
refrigerated and frozen soil samples containing gasoline were evaluated over six 
months. Less than 6% of the aromatic compounds distinctive of gasoline remained when 
stored at 5 °C, while minimal change was observed in the same compounds when stored 
at -15 °C. 
 Microbial degradation of petroleum-based ignitable liquids is advantageous 
from the environmental perspective. However, within the forensic community the effect 
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of microbial action could lead to misclassification or inability to identify the presence of 
an ignitable liquid in fire debris evidence.  
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1. INTRODUCTION 
PART I: ARSON 
Arson is recognized as one of the oldest crimes committed by mankind. It is 
defined as a deliberate act of starting a fire with the intent of destroying property 
and/or causing harm to a human being [1]. Based on the National Fire Protection 
Association (NFPA) 2010 report, out of 482,000 documented fires, 27,500 were 
intentional, causing 200 civilian deaths and $585 million in property losses [2]. Despite 
the slight, yet steady decline in structural and vehicle fires over the last few years, arson 
still remains a serious concern.  
 Arson is one of the easiest crimes to commit, yet one of the hardest to investigate, 
since most of the evidence is lost or destroyed due to the destructive nature of the fire 
[3]. For a fire to be categorized as arson, there needs to be destruction of property 
beyond mere scorching, and a malicious intent. Arson is usually accompanied by the use 
of an ignitable liquid (IL), however, as fires can be started with various different types of 
materials, this is not always the case [3]. Some commonly used ignitable liquids include 
kerosene, gasoline, and diesel; however, off-the-shelf flammable products have been 
observed in casework as well.  
During fire investigations, the fire investigator not only attempts to determine 
the cause and the origin of the fire, but also whether it is natural, accidental, or 
intentional [4]. Consequential laboratory analysis does not determine the nature of the 
fire; it simply determines whether an ignitable liquid residue (ILR) is present in the 
submitted fire debris [1]. Fire debris analysis is a critical step in the fire investigation 
since it can affect the result of a trial. Lack of relevant evidence, and its proper 
interpretation, can lead to both low conviction rates and/or unjustified sentencing [5]. 
As a result, fire debris analysis plays a crucial role in criminal investigations. 
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1.1. Fire Chemistry 
 Fire is an exothermic reaction involving a fuel and an oxidizer, producing heat 
and light [6]. In order for the fire to occur, three components must be present: a 
combustible substance (fuel), an oxidizer, and sufficient activation energy [6]. Once all 
three components interact with each other, the fire is maintained as an uninhibited chain 
reaction. Similarly, the fire ceases when one of the conditions is removed. Oxidation of a 
fuel source is called a combustion reaction, which results in release of gases such as 
carbon dioxide and carbon monoxide, water, and heat. The majority of fuels in fire 
debris analysis are petroleum-based ignitable liquids, such as gasoline and diesel fuel. 
The most common oxidizer is oxygen (O2), which is readily available from the 
surrounding air. Sufficient activation energy is necessary for the fire to ignite and self-
sustain. During combustion, in addition to carbon dioxide, water, and heat, other 
products are produced that negatively affect the analysis of fire debris. The presence of 
these combustion and pyrolysis products strongly depends on the type of a substrate 
used in a fire. Pyrolysates are thermally decomposed organic compounds in the absence 
of oxygen. Evaporation, weathering, pyrolytic activity and microbial degradation are the 
major causes of ignitable liquid alteration, and will be discussed further in a section 
dedicated to ignitable liquid residue  (ILR) interpretation challenges [7,8].  
1.2. Fire Scene Investigation 
Preliminary detection of ILRs at the scene is pertinent not only to fire 
investigation, but also for evidence sampling [6]. Localized burn patterns may indicate a 
fire’s origin and potential presence of ignitable liquids, however without corresponding 
supporting laboratory analysis, any testimony in court is subject to dispute [3]. Some of 
the screening techniques include accelerant detection canines, electronic sniffers, 
portable gas chromatograph-mass spectrometers (GC-MS), and chemical tests [3]. 
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Although all of the aforementioned screening tools have high sensitivity, they are not 
ILR-specific, and hence, positive indications need to be confirmed in the laboratory [6]. 
For example, canines’ scent detection is more sensitive and discriminative than that of 
humans; yet they have trouble discriminating ILR from pyrolysis products of certain 
substrates [3]. Although screening tools aid in ILR localization, fire investigators must 
also consider innate properties of ignitable liquids to conduct a proper sample selection. 
Ignitable liquids are extremely volatile and are easily lost, especially when exposed to 
heat [9]. Luckily, most ignitable liquids are hydrophobic and do not get washed away by 
water during the extinguishing process; the only exceptions being oxygenated ignitable 
liquids [10]. The type of substrate is an important factor in the survivability of an 
ignitable liquid post fire [10]. Porous, absorptive matrices trap and protect ILs from the 
heat [11]. Carpet is an excellent example of a substrate that protects ILs between the 
bottom pad and the charred top [6]. Other examples of ignitable liquid-friendly 
substrates are wood, soil, paper, and concrete. Nonporous matrices, such as tiles and 
glass, are less useful in fire debris collection [6].  
Once the samples have been selected, they are packaged and sealed in an airtight 
and contaminant-free container [12]. Studies have shown that heat-sealed polymer bags 
prevent leaks the most, but fail to protect against punctures and other damages. Tearing 
of the polymer bag may lead to loss and/or contamination of pertinent evidence [12]. 
Based on the aforementioned study, new, unlined, metal, paint cans were affirmed to be 
second best airtight containers, and this form of packaging is preferred due to its rigid 
structure. 
1.3 Petroleum Refinement 
 In order to have a sufficient understanding of ignitable liquids, it is important to 
understand where ignitable liquids originate. Petroleum-based ignitable liquids come 
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from crude oil within deep layers of the Earth’s crust [6]. Crude oil is primarily 
composed of hydrocarbons of various molecular weights; however, hydrocarbon 
derivatives containing oxygen, nitrogen, and sulfur are also present in low amounts. 
Major classes of hydrocarbons include straight and branched alkanes, cycloalkanes, and 
aromatic compounds (Figure 1). Crude oil by itself has very little practical use; hence its 
refinement produces a variety of more marketable products of diverse purpose. 
Fractional distillation, or fractionation, is one of the refinement methods, and is defined 
as a process of physically separating petroleum into fractions based on their boiling 
point. Different procedures are involved in this process, serving three functions: (1) to 
separate compounds based on their boiling point, (2) to change their size and (3) to 
modify the type of existing molecules in order to increase the amount of desirable 
product.  
 
 
 
 
 
 
 
 
Catalytic cracking and alkylation are processes that change the size of the molecule, 
while isomerization and reforming are processes that modify the type of molecule. The 
end products of refinement must meet the requirements of their end use in the market.  
 
Figure 1. General structure of hydrocarbons: 1) normal alkanes, 2) branched alkanes, 
3) cycloalkanes, 4) aromatics, 5) polynuclear aromatic, and 6) indanes. 
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1.4. Current Methods 
1.4.1. ASTM Classification 
 Because of the chemical complexity of petroleum products, a classification 
scheme was implemented to assist in fire debris analysis. American Society for Testing 
and Materials (ASTM) International is a society that has proposed standard methods 
and procedures for analyses in different forensic arenas since 1990 [13]. The forensic 
science community, along with ASTM International, developed guidelines for fire debris 
analysis and classification of ignitable liquids and their residues. The proposed 
classification scheme provides an understanding of similarities and differences of 
various ignitable liquid classes [6]. Based on E 1618-10, there are currently eight different 
classes of ignitable liquids: gasoline, petroleum distillates, isoparaffinics, aromatics, 
naphthenic-paraffinics, normal alkanes (n-alkanes), oxygenates, and miscellaneous 
products [14]. All of these categories are classified according to their chemical 
composition and boiling point range, except gasoline, which is in its own category 
(Table 1). The boiling point ranges are divided into light, medium, and heavy, however 
light-to-medium or medium-to-heavy can be used when an ignitable liquid does not fall 
neatly into either of the categories [13].  
Gasoline is the most common ignitable liquid used to commit arson due to its 
availability and low cost. Automotive gasoline is a blended product of various refining 
operations. It is predominantly composed of aromatic compounds, specifically alkyl-
benzenes. However, all of the hydrocarbon classes in the light to medium range are 
present in gasoline as well, but in much lower abundances [15]. The isomerization 
process during gasoline production increases its aromatic content, which in turn, 
increases the octane rating, a measure of fuel’s resistance to “knock” or ignite 
prematurely in the engine [15].  
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 Distillates are known to be representative of the entire bulk of crude oil from 
which they were fractionated. Aside from boiling point fractionation, distillates do not 
undergo any other refining processes; hence they are a mixture of a large variety of 
compounds [15]. Distillates are rich in n-alkanes, and less abundant in branched alkanes, 
cycloalkanes, and aromatics. At one instance, de-aromatized distillates have been 
distinguished as their own category in the ASTM classification scheme, but they have 
since been returned to the distillate category [14]. Similar to the normal petroleum 
distillates, they are rich in n-alkanes and less abundant in branched- and cycloalkanes. 
Aromatic compounds are still present, but in insignificant amounts. Since there is no 
definitive demarcation, Dolan et al. [16] have shown that for a distillate to be categorized 
as de-aromatized, the aliphatic-to-aromatic ratio should be above 30. Other publications 
report the aromatic concentration to be approximately 1% to the aliphatic compounds 
[15]. 
 Naphthenic-paraffinic products are derived from distillates but undergo further 
refining to remove the majority of aromatics and n-alkanes, resulting in a product 
composed of cyclo- and branched alkanes [17]. Significant processing is required to 
produce an isoparaffinic product, which is composed of entirely branched alkanes. 
Chemical removal of aromatics, cycloalkanes, and n-alkanes results in an 
environmentally friendly and odor-free product- a better alternative to some of the 
distillate products [6,17]. At times, the chromatographic pattern of an isoparaffinic 
product resembles that of an aromatic. The distinction greatly depends on their chemical 
composition. As the name implies, n-alkanes only contain straight-chain alkanes. These 
products produce very little soot upon burning, such as in tiki-torch fuels or candle oils 
[6]. N-alkane products are easily recognized upon analysis, since they contain only a few 
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compounds [15]. Aromatic products lack any aliphatic components, and are primarily 
desired for their solvating abilities [6].  
 
Table 1. ASTM E1618 classification scheme of ignitable liquids.* 
Class Light (C4-C9) Medium (C8-C13) Heavy (C8-C20+) 
Gasoline Fresh gasoline typically falls in the range of C4-C12 
Petroleum 
Distillates 
(including De-
Aromatized) 
Petroleum ether 
Cigarette lighter 
fluids 
Camping fuels 
Charcoal starters 
Paint thinners 
Dry cleaning 
solvents 
Kerosene 
Diesel 
Jet fuels 
Charcoal starters 
Isoparaffinic 
products 
Aviation gas 
Specialty solvents 
Charcoal starters 
Paint thinners 
Copier toners 
 
Commercial 
specialty solvents 
 
Aromatic products 
Paint and varnish 
removers 
Auto parts cleaners 
Xylenes, toluene-
based products 
Auto part cleaners 
Specialty cleaning 
solvents 
Insecticide vehicles 
Fuel additives 
Insecticide vehicles 
Industrial cleaning 
solvents 
Naphthenic-
paraffinic products 
Cyclohexane-based 
solvents/products 
Charcoal starters 
Insecticide vehicles 
Lamp oils 
Insecticide vehicles 
Lamp oils 
Industrial solvents 
n-Alkane products 
Solvents 
Pentane, Hexane, 
Heptane 
Candle oils 
Copier toners 
Candle oils 
Carbonless forms 
Copier toners 
Oxygenated 
solvents 
Alcohols, ketones 
Lacquer thinners 
Fuel additives 
Surface preparation 
solvents 
Lacquer thinners 
Industrial solvents 
Metal cleaners/gloss 
removers 
 
Others-
Miscellaneous 
Single component 
products 
Blended products 
Enamel reducers 
Turpentine products 
Blended products 
Specialty products 
Blended products 
Specialty products 
* The products listed in the various classes of this table are examples of known 
commercial uses of these ignitable liquids. These examples are not intended to be all-
inclusive. Many of the examples can be prefaced by the word “some”, as in “some 
camping fuels”. Reproduced from ASTM E1618-10 [14] 
 
The oxygenate class contains a variety of ignitable liquids, such as alcohols, 
ketones, and ethers [6]. Many of the products that fall under this category do not 
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originate from the refinement of crude oil; however, certain petroleum products are 
blended with at least one oxygenated compound in significant concentrations [6]. 
Unfortunately, if oxygenates are used in arson crimes, their residues are not easily 
recoverable or detectable [6]. Due to their polar nature, oxygenated compounds are 
miscible in water and are washed away during the fire-extinguishing process. In 
addition to their polar nature, the high volatility of oxygenates contributes to the 
difficulty of their detection. Products that cannot be classified in either of the 
aforementioned categories are categorized as miscellaneous. Turpentine products and 
vegetable oils are the two major types that would be encountered in this classification 
[6]. Turpentine is a natural product distilled or extracted from pine wood, and is 
composed of non-petroleum, terpene-related compounds [17]. Because turpentine is a 
natural product found in wood, it poses a challenge for the analysts during examination 
of wood samples. Vegetable oils are blends of saturated and unsaturated fatty acids. 
Highly unsaturated oils, such as linseed, pose a high risk of spontaneous ignition [6]. 
Fatty acids are not volatile; hence current extraction methods of headspace concentration 
are not appropriate [47]. Analysis of vegetable oil residues on a GC-MS requires 
derivatization of fatty acids into fatty acid methyl esters, which are more thermally 
stable and volatile [47].  Vegetable oil residues often remain undetected during a routine 
fire debris analysis unless circumstantial evidence indicates otherwise.   
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 1.4.2. Extraction Methods 
 Analysis of ignitable liquid residues (ILRs) is commonly performed by gas 
chromatography-mass spectrometry (GC-MS). However, ILRs have to be in a suitable 
form for the instrumental analysis to take place. Unless a pure, or neat, liquid sample is 
present as evidence, ILRs must be separated from the substrate matrix and concentrated 
by one of the extraction processes [6, 1]. The extraction of ILRs is the most laborious and 
time-consuming step, and yet the most important. A successful recovery of ILRs 
strongly depends on the properties of both the analyte and the matrix, and most 
importantly, on the extraction method used [1].  
Most of the older extraction methods are now obsolete from practice; however, 
they are worth mentioning since they hold their own advantages. Some of the classical 
techniques, such as steam distillation (ASTM E 1385) and solvent extraction (ASTM 
E1386), have been replaced by more sensitive, concentration-based techniques [13]. 
Steam distillation was one of the first extraction techniques used in a fire debris analysis 
[6]. ILRs are physically separated from the matrix by application of heat. Volatilization 
of ILRs is followed by their condensation back into a liquid form. Steam distillation is 
typically used on very concentrated samples [3,15]. The only advantage of this method is 
the production of a neat liquid extract that could be brought into the courtroom and 
showed to the jury [15]. Solvent extraction is a simple technique that uses a specific 
solvent to extract the analyte from fire debris [6]. An appropriate, nonpolar solvent, such 
as pentane or carbon disulfide (CS2), is used to extract ILR from the matrix. This 
technique is useful for extraction from empty containers and very small sample aliquots 
[3]. In special circumstances, solvent extraction is preferred when the matrix has too 
strong of an affinity for the analyte, such as heavily charred samples, or high boiling 
point components. This method is also used to distinguish heavy petroleum distillates 
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from each other [15]. Steam distillation and solvent extraction methods are limited by 
their destructiveness, poor sensitivity, labor intensity, possibility of contamination and 
co-extraction of many unrelated matrix components.  
The modern techniques have replaced the classical ones due to increased 
simplicity and sensitivity; resulting in even lower detection limits [18]. The principle 
behind the heated headspace adsorption techniques is to allow ignitable liquid residues 
to volatize out of the debris and concentrate onto an adsorbent material, such as carbon, 
that has good affinity for hydrocarbons [1].  The adsorbent is subsequently desorbed 
with a solvent, the volume of which is significantly lower than in a solvent extraction 
method [6,15]. There two types of adsorption techniques: dynamic and passive. 
Dynamic heated headspace extraction is the older and less popular of the two. It is also 
known as the “purge and trap” technique because the heated headspace is pulled 
through a bed of granular charcoal by an inert gas, followed by solvent or thermal 
desorption [1,19] This method is labor intensive, prone to contamination, destructive, 
and is susceptible to breakthrough, which occurs when the carrier gas first moves the 
analytes onto the adsorbent, and then prematurely desorbs them off [15]. The only 
advantage of the dynamic heated headspace method over the passive version is the 
speed of the extraction process. Passive heated headspace is a much simpler and 
nondestructive technique predominantly used in forensic laboratories [19]. This 
technique is based on suspending an activated charcoal strip (ACS) in the headspace 
over the debris, using dental floss and a paper clip [1,3]. When the debris is heated in a 
convection oven, the volatiles enter the headspace and adsorb to the ACS surface. The 
ACS is subsequently desorbed with a solvent [3]. The main advantage of a passive 
heated headspace extraction is that it utilizes a closed system, thus limiting 
contamination. Also, the original sample and/or ACS can be stored for future re-
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analysis, which is not the case with the dynamic concentration method [3,19]. The set-up 
for passive headspace extraction is significantly less complex then in a dynamic method- 
it only requires a convection oven, vials, ACS, and a solvent [15].  
A recent advancement in the extraction techniques brought forth a new method 
called solid phase micro-extraction (SPME). Although this latest technique has an ASTM 
developed standard (E 2154), it is not a stand-alone method, and is intended for use with 
other ASTM approved extraction techniques [6]. SPME is based on the same principle as 
the passive heated headspace extraction. The adsorbent material is coated onto a fused 
silica fiber, which is attached to a plunger inside a protective, septum-piercing needle 
[19]. The fiber is exposed to the sample, retracted, and then injected directly into the GC 
port, where it is thermally desorbed. The main advantages of this technique are the 
speed of sampling and the solvent-less desorption, making it more environmentally 
friendly [3]. SPME is more sensitive than the traditional passive headspace sampling 
method [18]. However, with increased sensitivity, SPME suffers from the displacement 
of the more volatile components in an ignitable liquid [19,18]. Other limitations of SPME 
include the lack of automation, the high cost, fragility of fibers, and their disposition to 
saturation [15] However, Ren et al. have shown that a Carboxen™ fiber was the only 
fiber capable of acceptable recovery of highly volatile components [1]. To this day, 
passive heated headspace technique is deemed most reliable in forensic laboratories.  
 1.4.3. Adsorbent: ACS 
 Activated charcoal strips (ACS) were introduced in 1985. Strips were 
designed by impregnating activated charcoal upon a pliable polymer substrate. The 
emergence of ACS use has minimized preparation and handling time, thus reducing any 
source of contamination [20]. ACS do not absorb water, making them useful for wet 
samples, which is often the case when samples are collected from a fire scene that has 
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been extinguished with water. The strips have a high affinity for hydrocarbons; 
however, the biggest advantage of using ACS is the ability to archive the samples. The 
strip can be cut in half; one piece stored for later analysis [15]. The drawbacks of ACS is 
that the nature of the strip does not discriminate against background or pyrolysis 
interferences, and is prone to saturation, displacing low molecular weight compounds. 
Displacement is a function of the capacity of the strip and the strength of the interaction 
of each hydrocarbon with the ACS surface [21]. During the adsorption process, 
hydrocarbons, at first, fill the adsorption sites of the activated charcoal to form a 
“monolayer” [12]. Hydrocarbons are physically adsorbed using London dispersion 
forces, which are relatively weak [21]. Displacement occurs when less strongly adsorbed 
low molecular weight hydrocarbons are replaced by heavier molecular weight 
molecules [21]. Displacement depends on the temperature, time, ACS capacity, and 
analyte concentration [20, 21, 12]. Williams et al. have shown that displacement was 
observed on ACS size of 99 millimeters squared (mm2) when spiking volumes were 
above 24 micro liters ("L) [19]. ASTM E- 1412 guideline recommends ACS size of 100 
mm2, which shows that even a recommended size is possible to overload with relatively 
small volumes [21, 15]. Newman et al. showed that at lower extraction temperatures 
(<60 degree Celsius (°C)), higher molecular weight compounds fail to adsorb onto ACS; 
however, at higher temperature (>80 °C), displacement of lower molecular weight 
compounds occurs [20]. According to ASTM guidelines, it is advised to conduct the 
extraction at 90 °C for 6 to 12 hours; however, it is also encouraged to experiment with 
the adsorption times and temperatures to reach maximum results with minimum time 
[15]. In order to overcome the displacement problems, it is advised to increase ACS 
surface area, limit the sampling size, shorten the extraction time, or lower the adsorption 
temperature [20, 21].  
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 1.4.4. Solvent Desorption 
 Once the extraction process is performed, a solvent is used to prepare the analyte 
for instrumental analysis. A suitable solvent for the passive headspace extraction 
method should have the ability to displace the IL compounds from the charcoal strip 
and also have high solubility for these compounds [19]. Carbon disulfide (CS2) is 
efficient at eluting compounds adsorbed onto charcoal [22]. CS2 has long been the 
“solvent of choice” in fire debris analysis primarily due to its minimal response signal 
when using a flame ionization detector (FID), the earliest detector used with GC analysis 
[22]. CS2 is one of the most dangerous organic solvents used in a forensic laboratory. It 
has a wide flammability range and can be easily ignited by contact with a heated 
surface. It is also highly toxic, carcinogenic, teratogenic, and has a foul odor [22,15]. 
Currently, GC-FID is used as an analytical screening technique, followed by 
confirmation by GC-MS. As more forensic laboratories incorporated GC-MS in fire 
debris analysis, other safer solvents, such as pentane, methanol, methylene chloride, and 
diethyl ether, have emerged, yet with varying desorption capabilities [3]. Studies have 
shown that diethyl ether is the closest solvent that has similar eluting powers to CS2. 
Along with pentane, diethyl ether poses lesser health risks to laboratory personnel, 
however diethyl ether has a bad reputation for forming explosive peroxides when left 
unattended for long periods of time [22]. Despite its many hazards, CS2 is still superior 
to diethyl ether, and remains the most popular desorption solvent. 
 1.4.5. Instrumental Analysis 
 Instrumental analysis is the only way to determine conclusively, and with a 
sufficient level of certainty, whether an ignitable liquid is present [15]. Since the 1960’s 
GC has been used in determining the presence of hydrocarbons in fire residues, but with 
recent advancements and in conjunction with MS, approximately 90% of the laboratories 
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today use GC-MS as established by ASTM E1618 guidelines [3]. Due to the chemical 
complexity of petroleum products, accurate identification can be achieved with the use 
of MS. Different classes of ignitable liquids have overlapping components that make 
certain classes appear similar based on a chromatographic comparison alone. MS gives 
an additional advantage of differentiating components based on their chemical 
composition and their relative amounts [6]. This is why it is important to understand 
that GC is merely a separation technique and must be coupled with a detector in order 
to obtain accurate and reliable results [6].  
 Chromatography is defined as a physical method of separation in which the 
components to be separated are distributed between the two phases, one of which is the 
stationary phase, while the other phase (mobile) moves in a definitive direction [6]. The 
sample can be introduced into the GC system in a gaseous or liquid form. Solids, 
however, must be first dissolved in an appropriate solvent. The sample is injected into 
the injection port, where it is vaporized at a high temperature. The carrier gas, also 
known as the mobile phase, passes through the inlet and introduces the sample onto the 
column. The mobile phase is an inert gas, such as hydrogen, helium, or nitrogen, and it 
will minimally interact with the sample [6,18]. The column is the essential component of 
the GC, and this is where the separation occurs. A liquid stationary phase is coated onto 
the inside walls of the capillary column. The chemical nature of the stationary phase 
depends on the sample. Separation occurs due to differential affinity of various 
compounds to the mobile and stationary phases, thus affecting their distribution 
between the two. As the separated components exit the column they enter the detector, 
which provides an electronic signal proportional to the relative abundance of the 
analyte.  
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The development of cheap, compact, user-friendly, and more sensitive models 
has made a mass spectrometer (MS) the popular FID-substitute in fire debris analysis [3]. 
MS also provides the advantage of not only detecting the eluting components, but also 
providing structural information regarding their chemical composition [6]. When 
analytes exit the GC column and enter the ionization chamber of the MS, they are 
bombarded with high-energy electrons, thus fragmenting and ionizing the components 
[6]. The ions thus produced are then accelerated towards a mass filter, also known as the 
analyzer, where they are sorted based on their mass-to-charge (m/z) ratios. There are 
many types of analyzers, but the one commonly used in fire debris analysis is the 
quadrupole [6]. The quadrupole analyzer creates an electromagnetic field that 
manipulates ions according to their m/z. Only ions of specific m/z are allowed to pass 
through the length of the analyzer towards the detector, where their relative abundance 
is measured and recorded [6]. MS can display data as a total ion chromatogram (TIC), 
where all of the ions are detected in a given range, or as a specific characteristic ion 
chromatogram, using selective ion monitoring (SIM), where several particular ions of 
interest are detected [3]. The latter method is rarely used in fire debris due to the 
numerous classes of chemical components that make up ignitable liquids.  
 The resulting GC data can be considered as a fingerprint-like representation of 
the sample content, depicting abundance and retention times of all peaks comprising a 
given sample [1]. Chromatographic analysis of petroleum products results in 
reproducible, recognizable, and distinctive patterns, which are then compared to 
standard chromatograms, produced in an individual laboratory [15,18]. This process is 
usually referred to as pattern recognition, which was first introduced and demonstrated 
in 1959 [1]. Although pattern recognition allows for IL comparison and recognition 
solely based on the peak elution patterns, the complexity and variety of current ILs 
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requires a more reliant method for identification. In addition, background interferences 
and similarities within different ILs make patterns appear very similar and/or almost 
indiscernible [1, 6]. One of the most important mass spectrometric advantages is the 
ability to acquire a mass spectrum of each eluted component, and thus differentiate the 
chemical make up of two chromatographically-similar ignitable liquids [1,6].  
 As previously mentioned, petroleum-based products are comprised of different 
classes of chemical compounds: alkanes, cycloalkanes, aromatics, indanes, and 
polynuclear aromatics, each of which produce several characteristic ions in the 
ionization chamber [3]. The ions for each class are depicted in Table 2. Mass 
spectrometry can simplify a very complex and confusing chromatographic pattern by 
using data analysis software [15]. The goal of such software is to separate out only those 
peaks having specific ions present in the pattern [15]. An extracted ion chromatogram 
(EIC) can be generated to focus on a class of compounds found in a specific ignitable 
liquid [18]. For instance, if one wants to look at the normal alkane contribution to the 
TIC, an EIC can be obtained for m/z 57, 71, 85, and 99. Extracted ion profile (EIP) is a 
single ion approach that only focuses on one particular ion or a set of ions [15].  
 1.4.6. Pattern Recognition 
 One of the most crucial steps in fire debris analysis is interpretation of the GC-
MS results. Presence or absence of an ignitable liquid in a given evidence sample can 
have serious ramifications during a criminal trial. Based on the provided classification 
scheme guidelines, along with data analysis software, a trained analyst can assign an 
unknown IL to its correct category and range, based on the number of carbon atoms 
present, or evaluate the significance of specific compounds in the chromatogram in the 
absence of a distinct pattern. 
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Table 2. Characteristic ions of major compound classes. Adapted from [3]. 
 
Compound Class Fragment Ions 
Alkane 43, 57, 71, 85 
Cycloalkane 41, 55, 69, 83 
Aromatic 91, 105, 119, 133 
Polynuclear aromatic 128, 142, 156 
Indane 117, 118, 131, 132 
 
 Gasoline is the most common ignitable liquid used as an accelerant in the United 
States, and possibly the world [6]. It consists of primarily aromatic compounds in a 
range of C4 to C12, in addition to some alkanes and cycloalkanes. Chromatographically, 
gasoline has a recognizable pattern, however it is not as distinctive as in other ignitable 
liquids [3]. Among the aromatic compounds, toluene and xylenes are the most abundant 
[15]. In fact, in a fresh gasoline sample toluene is the first most abundant peak seen, 
followed by the three-peak group of the C2- alkyl benzenes. These three peaks are 
ethylbenzene, co-eluting meta- and para-xylene, and ortho- xylene [15,6]. The next five-
peak group, or C3- alkyl benzenes, is propylbenzene, 3-ethyltoluene, 1,3,5- 
trimethylbenzene (1,3,5-TMB), 2-ethyltoluene, and 1,2,4-trimethylbenzene (1,2,4-TMB) 
(Figure 2) [6]. The presence of indanes and naphthalenes is also important for a strong 
gasoline characterization [15]. It is important to know that many of the aromatic 
products found in gasoline, are also found in other commercial products, such as 
solvents for stains and insecticides. To differentiate aromatic products from gasoline, the 
presence of aliphatics should be checked [15]. Gasoline will have a low abundance of 
alkanes and cycloalkanes, while aromatic products do not. Each batch of gasoline has 
subtle distinctions in its chemical composition due to chemical conversion methods, 
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treatment with performance enhancement markers, blending, and other factors. New 
statistical approaches, such as principal component analysis (PCA), have been focused 
on discriminating different samples of gasoline, and identifying and/or excluding 
sources of gasoline evidence [8,23]. 
 A distillate product is the least processed of the petroleum products and 
represents all chemical compound classes found in crude oil [6]. Chromatographically, a 
distillate has a characteristic Gaussian distribution with equidistant, spiking n-alkanes, 
interspersed with less abundant isoalkanes (branched alkanes), cycloalkanes, and mono-
and polynuclear aromatics. Diesel is an example of a heavy petroleum distillate and its 
chromatogram is shown in Figure 3, demonstrating a typical distillate pattern. De-
aromatized petroleum distillates also belong to the distillates category.
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There is no visual difference in the patterns of the two types of distillates; however, the 
EIC of the aromatic contribution varies significantly. In an aforementioned study, the 
aromatic contribution in a de-aromatized distillate is insignificant (<4%) compared to its 
aliphatic contribution [16].  
Naphthenic-paraffinic products are also chromatographically distinguishable. A 
Gaussian distribution comprised of only branched-and cycloalkanes is observed. A 
Figure 2. Gas chromatogram (c) of a gasoline reference sample highlighting major 
aromatic compounds and their molecular structures. (a) Depicts compounds 
belonging to the C1- and C2-alkylbenzene groups, and (b) depicts compounds 
belonging to the C3-alkylbenzene group. 
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distinctive feature of a naphthenic –paraffinic pattern is the highly unresolved baseline, 
also known as an “unresolved envelope”. This occurrence is due to the chemical 
complexity of a poorly refined product. 
 
 
 
 
 
 
 
 
 
 
 
An aromatic product is manufactured by isolation of the aromatic content from 
crude oil [6]. Insignificant amounts of other classes of compounds may still be present. 
This product has a less-defined bell-shaped pattern, which varies among the boiling 
point ranges. Additionally, it contains many of the compounds present in gasoline; 
however, most aromatic solvents consist of a narrow-range of compounds, which 
translate into a narrow chromatographic pattern. This makes an aromatic product 
distinguishable from that of gasoline. Indanes and polynuclear aromatics are also 
present, although due to their molecular weight, they appear in medium and heavy 
boiling point ranges [6].  
Figure 3. A sample gas chromatogram of a petroleum distillate. The chromatographic 
pattern depicts a Gaussian distribution with equidistant, spiking normal alkanes. 
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In light-to-medium boiling point ranges, a chromatographic pattern of an 
aromatic product may resemble that of an isoparaffinic product. Further mass spectral 
analysis of a chemical composition can distinguish the two products. An isoparaffinic 
product is solely comprised of branched alkanes. Cycloalkanes may also be present, but 
with an abundance of less than 5% [15,6]. An isoparaffinic pattern is composed of 
narrow range compounds, which translates into a narrow chromatographic pattern. 
With the increasing range the number of carbons in the molecule increases, as does the 
number of isoalkane structural isomers. As a result, the baseline becomes more 
unresolved as the product is classified into medium and heavy ranges.    
A normal alkane product is the easiest product to identify. Pattern recognition is 
not reliable since this product usually contains three to five n-alkane compounds [6]. 
Mass spectral identification is normally utilized to identify its components. Similar to 
normal alkanes, oxygenated products and miscellaneous products, such as alcohol- and 
terpene-based products, are not identified using pattern recognition. Identification of 
these products is based on mass spectral analysis and comparison to known standards 
[6]. It is important to note that the identification of these products can still be challenging 
when pyrolysis products are present. 
1.5. Challenges to Interpretation 
 When ILR is extracted from fire debris, the chromatographic pattern may appear 
distorted, in comparison to a fresh reference sample. This effect is attributed to the 
processes such as weathering and degradation, or due to interfering compounds 
originating from the substrate itself. There are certain compounds that exist within the 
substrates due to the innate composition of raw materials or from the manufacturing 
process. Other interferents include compounds that are produced from the burning of 
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substrates [3]. These products can obscure the resulting chromatogram, making it 
challenging for an analyst to make an identification.  
All substrates come from raw materials, which could be wood, crude oil 
(plastics), or minerals [6]. Wood, for example, has many terpene-based products that are 
also present in turpentine flammable liquids. When a desired object is manufactured, 
raw materials are transformed via various processes, which may add additional volatile 
organic compounds (VOCs) to the sample. For example, n-alkanes have been detected in 
vinyl flooring, and aromatics have been found in products containing glues, such as 
shoes and carpet paddings [3]. It is impossible for an analyst to know all of the materials 
used in substrates; however, it is advantageous to be aware of the composition of the 
most commonly submitted samples, such as flooring and carpeting [6]. When these 
objects are incorporated into a household, they may be exposed to accidental or natural 
contamination, such as spraying with insecticides or covering wooden floors with an 
anti-weathering gloss. These commercial products, as already mentioned, may contain 
petroleum-based compounds [10]. The fire has several effects on the ignitable liquid and 
the substrate. The destructive nature of a fire consumes ignitable liquids, weathers and 
evaporates them. Similarly, fire pyrolyzes and combusts substrates, thus greatly 
increasing the presence of VOCs [6]. As a result, the detection of an accelerant is affected 
by factors like the type of substrate burned and the type of liquid accelerant used [24].  
 Pyrolysis products are the most important and challenging interfering products, 
as well as completely inevitable. Pyrolysis is defined as a decomposition of a material 
into simpler compounds by the action of heat alone; there is no oxidant present, as in the 
case of a combustion process [25]. Pyrolysis produces chemical fragments that can 
originate from fibers, adhesives, backings, and many other substrate components [3]. 
Pyrolysates will not create a chromatographic pattern that can be confused with a 
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petroleum product; nonetheless they will add components that would mask an ignitable 
liquid, or distort the chromatogram. Pyrolysis takes different pathways resulting in 
compounds similar to those found in petroleum products. Since dissociation energies 
and bond types of a polymer guide these pathways, knowing the polymer’s structure 
makes it easier to predict the route, and thus the type of compounds that will appear in 
the chromatogram. Certain commercial products contribute more pyrolysates than 
others; paper products, carpet, vinyl flooring, and wood have been shown to complicate 
fire debris analysis [10,24]. Synthetic carpet may produce pyrolysates that may be found 
in a gasoline sample and certain woods contain terpenes that are present in a turpentine 
fluid [23]. Lentini et al. have shown that asphalt produces pyrolysates that fractionate 
during the heated headspace extraction and give an appearance of a heavy petroleum 
distillate (HPD) product such as diesel or kerosene. This is forensically relevant because 
asphalt is a key component not only in road pavements, but also in roof structures, 
which are common in house or commercial building fires [3,26].  
The use of GC/GC-MS and GC-MS/MS are two of the recent advancements that 
provide not only better sensitivity and resolution, but also show great promise in 
discriminating the background and pyrolysis interferences from the liquid accelerant 
contribution. GC-MS/MS offers the ability to filter out undesirable components and 
focus on the data relevant to ignitable liquids [18,27]. As a result, this technique is used 
as a secondary confirmation, following a primary GC-MS analysis, providing an 
additional level of confidence [27]. A much greater resolution is offered by GC/GC-MS 
due to a two-dimensional separation. Components of IL are first separated by boiling 
point, and then based on polarity [10,18]. GC-MS/MS and GC/GC-MS make it possible 
to reliably discern IL contribution from interference products during fire debris analysis. 
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 Aside from the interfering products, there are other destructive influences on 
ignitable liquids that negatively impact chromatographic pattern interpretation. 
Weathering and degradation are phenomena that involve the loss of components in an 
ignitable liquid. Although similar, the two phenomena differ significantly from each 
other. Weathering is a term used when describing evaporation effects as an IL is 
subjected to the heat of the fire, atmospheric conditions, or even poor packaging 
techniques [8].  Since it is primarily dependent upon boiling points, the act of 
weathering is not specific to any one ignitable liquid class. Compounds with low boiling 
points are more susceptible to weathering, creating a shift in the chromatogram with 
heavier compounds becoming more prevalent [5]. Degradation, on the other hand, is 
attributed to the action of microorganisms in soil that degrade petroleum-based 
ignitable liquids through metabolism of certain compounds, leading to potentially 
erroneous pattern interpretation [19]. This becomes significant when soil that is collected 
as fire debris evidence is stored at room temperature for long periods of time [19]. 
Unlike weathering, degradation is not uniform throughout the chromatographic pattern; 
certain bacterial strains selectively degrade hydrocarbons based on their chemical 
structure [8]. Microbial activity has the potential of significantly altering the 
chromatogram of an ignitable liquid when proper conditions exist. Although the exact 
effects of degradation cannot be predicted, as in the case with changes due to pyrolysis 
and weathering, certain knowledge about microbial degradation trends can help 
elucidate some of the obscure patterns.  
 A certain degree of caution must be taken when handling soil as fire debris 
evidence. As much as soil is an excellent substrate, in that it retains an accelerant more 
efficiently than other matrices and provides minimal interference products, it is the most 
destructive of all substrates [19]. Standard packaging can still be used when collecting 
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soil, however, samples must be refrigerated or frozen, in order to deter microbial activity 
from destroying traces of ignitable liquids that may be present [7]. 
PART II: BACTERIA AND SOIL 
 Many terrestrial and aquatic microorganisms, particularly bacteria and fungi, 
have the ability to use hydrocarbons as their sole energy source [28,29]. Soil is a complex 
system that comprises a variety of microhabitats with various physiochemical gradients 
and fluctuating environmental conditions [30]. In a gram of soil, there can be up to a 
billion organisms of different bacteria, fungi, or yeast, which shows the extent of the 
microbial diversity and complexity [28]. In the beginning, microbial degradation was a 
highly researched phenomenon in the environmental arena. Microbial degradation has 
been responsible for the disappearance of petroleum in polluted lands and waterways, 
which is the nature’s way of “cleaning up” [28,19]. In fact, recently the use of petroleum-
consuming bacteria and their enzymes were implemented in the clean up of the 
Deepwater Horizon oil spill in the Gulf of Mexico on April 20, 2010 [31]. As 
advantageous as organisms are for the environment, they can be detrimental to 
petroleum-based ignitable liquids in forensic soil samples. Individual microorganisms 
can metabolize only a limited range of hydrocarbons; however, assemblages of mixed 
populations, similar to soil microcosm, are necessary to degrade complex mixtures that 
are encountered in petroleum products [32,29]. 
1.6. Hydrocarbon-metabolizing Bacterial Strains and Associated Trends 
 Biodegradation is influenced by chemical and physical factors, as well as 
chemical composition of the petroleum product [33].  Selective biodegradation of 
petroleum is accounted for by the fact that microorganisms are specific in their favored 
energy source. Various studies have shown that there are numerous strains, which are 
associated with hydrocarbon degradation, both on land and in marine habitats. 
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Petroleum degradation occurs in both aerobic and anaerobic conditions; however, the 
rate of consumption is far greater in aerobic environments [28]. Some of the most 
common petroleum-degrading species in soil are Pseudomonas sp., Bacillus sp., Aspergillus 
sp., Penicillium sp., and Burkholderia sp [34]. Each microbial species contains hundreds of 
strains, each of which is selective based on the chemical structure of the compound in a 
petroleum mixture. Some microbes favor n-alkanes, while others prefer aromatic 
compounds [17]. Nonetheless, there are noticeable overall trends in microbial 
degradation of petroleum products. Straight chain alkanes and lesser- substituted 
aromatics are predominantly degraded in comparison to isoalkanes and cycloalkanes 
[7,17,32,19]. Longer straight chain alkanes (C9-C16) are consumed more readily than those 
with fewer carbons, and the presence of methyl substituents increases resistance to 
degradation in both n-alkanes and aromatics [28,35,36,32]. The rate of biodegradation is 
faster with n-alkanes than aromatics, and some studies indicate microbial preference to 
even over odd carbon numbers in the chain [33,19]. Cycloalkanes and isolkanes are still 
consumed, but not as readily [8]. Resistance increases with additional substitution, as 
well as increase in the chain length of the substitutions [17,35,19]. The position of the 
alkyl groups also affects the resistance, however, the data presented within the literature 
is contradictory [17]. 
1.7. Metabolic Products 
 As petroleum products are metabolized, hydrocarbons are modified and certain 
oxidation products are produced as a result, adding to the chromatographic pattern 
[28,35,36]. During aerobic biodegradation, the main product that is generated is carbon 
monoxide gas. However, other intermediate products have been detected, such as 
various organic acids. These intermediates, however, are not metabolized by microbes 
[28,36]. Production of other chemical species depends on the type of hydrocarbon being 
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degraded and the type of microorganism [28]. An interesting and unexplained yet 
consistent occurrence during biodegradation of petroleum products has been observed.  
The addition of intermediate compounds from bacterial metabolic activity causes an 
unresolved baseline. Upon analysis, the chromatographic patterns of petroleum 
products appear less resolved after exposure to microbial action than prior to 
degradation [35]. It is commonly seen in isoparaffinic and naphthenic-paraffinic 
products. During biodegradation, it has been hypothesized that microorganisms are 
producing hydrocarbons of different molecular weight and/or chemical structures that 
contribute to the unresolved baseline [35]. This theory requires further investigation. 
1.8. Environmental Conditions for Efficient Hydrocarbon Degradation 
For biodegradation of petroleum hydrocarbons to be efficient, the environment 
must meet certain conditions. Biodegradation depends on certain factors, such as 
availability of oxygen, nutrients, pH, temperature, water and surface area exposure of 
petroleum compounds. These factors are also subject to seasonal fluctuations, which 
must be taken into consideration [30]. The fastest metabolic pathway for hydrocarbons 
occurs in the aerobic environment; thus availability of free oxygen is critical [28,35]. The 
greater the oxygen availability, the faster the degradation rate. However, oxygen 
concentration has a limit of 10%, above which a negative effect on degradation occurs 
[33]. Still, oxygen is the limiting factor, and its availability depends on the microbial 
oxygen consumption, type of soil, and whether the soil is saturated with water [29]. 
Aside from hydrocarbons as the energy source, nitrogen and phosphorus ions also help 
with the degradation process, but in specific ratios [28]. Optimal carbon-to-nitrogen and 
carbon-to-phosphorus ratios were reported to be 60:1 and 800:1, respectively [33]. It has 
been reported that soils rich with fertilizer also stimulate microbial metabolism [35]. 
Microbial biodegradation is most efficient in soil pH near neutrality, and at 
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temperatures above 20 °C [28]. Degradation slows down significantly during winters, as 
the cold temperature has a negative effect on the enzymatic activity of microbes [29]. 
Still, reports show that biodegradation may occur at temperatures lower than 5 °C, and 
it may depend on the quality of the hydrocarbon mixture, as well as the composition of 
the microbial community [35]. High microbial activity is reported during summers, 
while the highest diversity of species occurs in the spring, when there is a high nutrient 
input from fertilizers, and in the fall, when there is a vast availability of plant debris 
after harvest [30]. Biodegradation may be limited by water availability in soil [29]. It has 
been reported that optimal degradation rates occur at 30-90% water saturation in soil 
[29]. There is also a direct relation between the surface area of a petroleum product 
exposed to the microbial culture and the rate of degradation [28]. In water, spilled oil 
tends to spread horizontally, forming a slick layer [29]. Additionally, wave and wind 
action produces oil-in-water emulsions, which increase surface area that is exposed to 
the microbial attack [29]. In soils, petroleum is absorbed vertically by soil particles, 
limiting its spread [35]. Thus, the size of soil particles also plays a role in surface area 
exposure. When conducting degradation studies in a laboratory setting, there are certain 
signs that indicate the ongoing process of biodegradation: the loss of petroleum 
products, the depletion of oxygen, formation of carbon monoxide and organic acids, and 
multiplication of microorganisms [28]. In this research, the loss of petroleum compounds 
will be the primary focus. 
 Microbial degradation of petroleum hydrocarbons is also affected by the two 
phenomena observed in the decades of biodegradation studies. It has been observed, 
that soils previously exposed to crude oil have exhibited faster degradation rates than 
those that were free of contamination [35]. Application of petroleum to soil was found to 
increase total bacterial population, favoring production of aerobes over anaerobes [28]. 
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This has been explained by the adaptation of microorganisms to the new environment, 
stimulating genetic changes in their metabolic capabilities [29,37]. Solano-Serena et al. 
have conducted studies on gasoline degradation in polluted and unpolluted soils, and 
showed faster degradation rates in the polluted soils [32]. Co-oxidation, also known as 
cometabolism, is another phenomenon observed when hydrocarbon compounds, that 
are otherwise not attacked by microorganisms alone, have been degraded in the 
presence of those compounds that are metabolically preferred [35]. Co-oxidation is the 
hypothesized reason why branched and cycloalkanes are degraded, and the degradation 
depends on the presence of other compounds or other bacterial strains [38].  
1.9. Soil and Bacteria 
Soil is a complex system that is comprised of different habitats with varying 
environmental conditions [30]. The structure and texture of soil govern its complexity, 
which in turn affects the vast microbial diversity. In its texture and microorganic life, 
soil is more diverse in its surface levels rather than deep subsurface layers [39]. This is 
due to the environmental weathering that only affects the soil layer closest to the 
surface. Research has shown that 89% of microbial activity was found in the top 25 
centimeters (cm) of soil, rapidly declining with depth [40]. Microorganism 
concentrations can reach up to 108 per gram of dry soil. Surface soils are occupied with 
an indigenous population of archae, bacteria, fungi, algae, and protozoa; however, 
bacteria are the most abundant microorganisms and its numbers vary depending on 
specific environmental conditions, such as soil moisture and temperature. Aerobic 
organisms typically outnumber anaerobes by two or three fold [40]. 
 The texture of soil depends on the size of the mineral particles of which it is 
comprised [39]. Soils can be classified as one of four major textural classes: sands, silts, 
loams, and clays. Sand is referred to as the coarsest textured soil, whereas clay is the 
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finest of all soil classes [39].  Silt contains medium sized particles with a small 
abundance of clay and sand. Loam is a medium textured soil, containing relatively even 
amounts of sand, silt, and clay (Table 3). In addition to the four main textural classes, 
soils can be comprised of mixtures of particles of various abundances, giving each soil 
type particular properties. A texture triangle, shown in Figure 4, classifies the texture of 
soil based on the percent composition of sand, silt, and clay. The composition of soil also 
governs the movement of nutrients, water and microorganisms through its layers [39]. 
Greater movement occurs in soil composition with greater interaggregate (between 
particles) and intraaggregate (within each particle) pores. A clay particle has a higher 
number of intraaggregate pores than a sand particle, however, clay is much smaller in 
size and hinders the movement of material through it. Yet, once water moves into the 
clay it is retained more tenaciously than in sandy materials. Water movement through 
soil is important for microbial and nutrient movement, which in turn, is vital to 
microbial metabolism and survivability. The optimal microbial environment is one in 
which water is readily available but the matrix is not fully saturated to allow for oxygen 
availability. Since clay retains water, it is more likely to become saturated and prevent 
the flow of oxygen. 
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Table 3. Size fractionation of soil constituents. Adapted from Maier et al. [39]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fine-textured soil also hinders microbial migration, thus preventing access to nutrient-
rich regions. Due to the small particle size, clay soils are not well aerated. Lack of 
aeration changes the composition of gases from that found in the atmosphere. Oxygen 
may be quickly depleted by respiring microorganisms and thus contain elevated carbon 
dioxide levels. Aerated soils, such as sand, have a relative gas composition similar to air 
and, and hence, are more compatible for microbial survival. All soil textures contain 
microbial communities, regardless of the particle size. However, soils with a mixture of 
all three particles, or loams, offer a more favorable habitat. Loams hold more nutrients, 
provide better water and air flow than do the pure sands or clays, and hence hold 
microbial communities in higher numbers and activity [3].  
Soil Type Size 
Specific Surface 
Area Using a 
Cubic Model 
(m2/g) 
Organic and Biologic 
Constituents 
Sand 2 mm 0.0003 Organic debris 
Silt 50 "m 0.12  
Organic debris 
Large microorganisms: 
Fungi 
Actinomycetes 
Bacterial colonies 
Granulometric 
clay 2 "m 3  
Amorphous organic 
matter: 
Humic substances 
Biopolymers 
Small microorganisms: 
Bacteria 
Fungal spores 
Large viruses 
Fine clay < 2 "m 30  Small viruses 
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The distribution of microorganisms in soil depends on the availability of nutrients, soil 
texture and structure. As previously mentioned, particle size of soils is an important 
factor. Smaller particles, such as found in clay, can be advantageous because they retain 
water longer and protect from larger predatory organisms like protozoa, but at the same 
time, clay is more likely to become saturated with water and deter movement of 
nutrients through the matrix [39].  
Based on the overall advantages and disadvantages of different soil types, 
degradation studies with different soils give contradictory results. A study by Torsvik et 
al. has shown that fine textured microhabitats offer the most favorable conditions for 
microbial life in respect to water and substrate availability, gas diffusion and protection 
against predators [30]. In the mentioned study, microbial diversity was higher in small 
soil particles than in fractions of larger soil particles. A study by Hassink et al. has 
shown that the activity of the biomass was twice as high in sandy or loam soil than in 
clay [41]. The reason for lower activity in clay was proposed to be due to physically 
protected bacteria from water and nutrients [41]. Based on contradictory trends found 
Figure 4. A texture triangle, used to classify texture of soil based on the percent 
composition of clay, silt, and sand [48]. 
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within the scientific literature, no concrete predictions on the degradation trend can be 
made. 
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2. EXPERIMENTAL 
2.1. Materials 
 All ignitable liquids used in this thesis were obtained from various companies, 
except for gasoline (regular octane 85, unleaded) and diesel, which were acquired from 
local Hess and Mobil gas stations, respectively. Please refer to Table 4 for a complete list 
of chemical sources. Utilized solvents were pentane, obtained from Acros Organics 
(New Jersey, USA; Lot number: A0305360), and carbon disulfide (CS2), obtained from 
Fisher Scientific (Fair Lawn, New Jersey, USA; Lot number: 110433). Activated charcoal 
strips (ACS) were obtained from Albrayco Technologies, Inc. (Cromwell, Connecticut, 
USA), and measured approximately 5 mm x 10 mm. Unwaxed dental floss and paper 
clips were common products found in local CVS Pharmacy stores. Quart- and gallon-
sized paint cans, along with pressure lids, were obtained from BWAY Corporation 
(Chicago, Illinois, USA) and Tri-Tech Forensics (Southport, North Carolina, USA). All 
vials, liners, caps and transfer pipettes were obtained from Fischer Scientific. 
2.2. Soil Collection 
2.2.1. General Degradation and Storage Conditions Study 
 Soil was collected from a wooded, yet residential area in Burlington, 
Massachusetts, USA on March 8, 2012 at approximately noon. The chosen location is 
believed to be free of potential petroleum products, but also a representative of a 
residential soil where the crime of arson could occur. The weather was mostly sunny 
and approximately 53 degrees Fahrenheit (°F) or 11.7 °C. The last known precipitation 
was five days prior to collection. The soil was collected using a sterile shovel, which was 
kept in a clean plastic bag before digging. The shovel was sanitized with ethyl alcohol 
prior to being wrapped in a plastic bag, to remove any possible contaminants. 
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Table 4. A list of product names, brands, and sources of chemicals used. 
 
 
 
The soil was collected in a 1-gallon paint can and transported to the laboratory at Boston 
University. On a clean bench, covered with fresh bench paper, the collected soil was 
sifted through a 2-mm sieve partition to separate the soil from other debris. Soil was 
then distributed through quart cans using a sterile scoop.  Approximately 53 grams (g) 
of soil was measured out using a digital balance (Denver Instrument; Model PI-114) and 
was spiked with 10"L of the designated ignitable liquid (Table 4) in triplicate. 
Collectively, twenty-seven cans were spiked in addition to three, non-spiked soil 
ASTM 
Classification Product Name Brand Source Location 
Miscellaneous Turpentine Klean-Strip® W.M Barr and Company, Inc. 
Memphis, 
Tennessee, 
USA  
Naphthenic-
paraffinic 
VM&P 
Naphtha Klean-Strip® 
W.M Barr and 
Company, Inc. 
Memphis, 
Tennessee, 
USA 
MPD* 
Charcoal 
Lighter Fluid  
(odorless) 
Kingsford® 
Subsidiary of 
The Clorox 
Company 
Oakland, 
California, 
USA 
MPD Paint Clean-Up Klean-Strip® W.M Barr and Company, Inc. 
Memphis, 
Tennessee, 
USA 
N-Alkane Ultra-Pure® Lamp Oil Tiki® Lamplight, Inc. 
Menomonee 
Falls, 
Wisconsin, 
USA 
Aromatic Goof Off® Goof Off® W.M Barr and Company, Inc. 
Memphis, 
Tennessee, 
USA 
Aromatic Lacquer Thinner Klean-Strip® 
W.M Barr and 
Company, Inc. 
Memphis, 
Tennessee, 
USA 
HPD Diesel Mobile ™ 
Boston, 
Massachusetts, 
USA 
Gasoline  Hess Co. 
Boston, 
Massachusetts, 
USA 
*Indicates de-aromatized ignitable liquid 
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samples, which represented negative controls. All cans were stored in a laboratory at 
room temperature.  Samples were analyzed on the day of the collection, Day 0, as well as 
Day 8, Day 16, and on Day 26. Samples were discarded post analysis. 
Another study set was prepared using the same collected soil. Eighteen pint-
sized cans were each filled with 40 g of soil and spiked with 10 "L of gasoline. Samples 
were set up in refrigerated (5°C) and frozen (-18°C) conditions for a period of 6 months. 
Samples were analyzed on Day 0, after three months and after six months. Temperatures 
were recorded periodically to obtain an average temperature in both conditions. 
2.2.2. Specific Soil Type Study 
 National Resources Conservation Service (NRCS) Web Soil Survey was used to 
locate specific soil types in Massachusetts. Only two soil types were studied in this 
experiment due to time constraints. Sandy loam soil was collected in Medford, 
Massachusetts, USA on January 11, 2012 at approximately 4:00 p.m. Weather conditions 
were sunny and approximately 35 °F (1.7 °C). The last known precipitation was 
observed six days prior to collection. Silty-clay soil was collected in Wellfleet, 
Massachusetts, USA on February 6, 2012 at approximately 1:30 p.m. The weather was 
sunny and around 44 °F (6.7 °C). Collection was performed using a sterile shovel 
wrapped in a plastic bag and a gallon-sized paint can. Both types of soil were processed 
in the same manner, however, the amount of soil sample varied among types. Sample 
weight of sandy-loam and silty-clay soils was 40g and 70g, respectively. The reason for 
such discrepancy was the difference in water content in each soil type. Upon collection, 
clay soil was nearly saturated with water, adding significant weight to its total mass. 
Both types of soil were sifted through a 2-mm sieve and distributed among quart paint 
cans. In this study, only five ignitable liquids were tested: gasoline, heavy petroleum 
distillate, medium petroleum distillate, naphthenic-paraffinic, and normal alkane 
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products. All soil samples, except for negative controls, were spiked with 10"L of 
ignitable liquid in triplicate and stored at room temperature. Samples were analyzed on 
the day of collection, Day0, as well as Day 3, and Day 7.  
2.3. Extraction Method 
Ignitable liquid residue was extracted from soil using a passive heated headspace 
extraction with activated charcoal. Extraction was achieved using the same paint cans 
containing the soil samples. An ACS was cut approximately in half using a sterile razor 
blade. Each half measured approximately 5 mm by 5 mm. The ACS was pierced with a 
paper clip and was suspended in the headspace of the sample can using unwaxed dental 
floss. The ends of the floss were secured with a pressure sealed lid. A visual 
representation of the extraction set up is demonstrated in Figure 5. Sample containers 
were heated in a temperature-controlled oven (Thermo Scientific; Model 6530) at 90 °C 
for two hours. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. General setup for heated passive headspace extraction with 
activated charcoal strip. 
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Following the heating process, containers were removed from the oven, opened slightly, 
and allowed to cool for approximately five minutes. The activated charcoal strips were 
removed from the paperclip and placed in separate and designated 4 mL glass, black top 
vials. Fresh vinyl gloves were used before handling each charcoal strip to prevent cross-
contamination. Each charcoal strip was desorbed with 500-"L of carbon disulfide and 
placed on a tube rocker for approximately fifteen minutes. Using a transfer pipette, a 
portion of the carbon disulfide solution was transferred into a glass insert of a two-
milliliter GC vial for analysis by GC-MS. 
2.4. Standard Preparation 
  Standards of ignitable liquids were prepared and tested to account for changes 
in GC-MS sensitivity over time and to aid in normalizing the data. IL standards were 
prepared by diluting 10 "L of neat ignitable liquid with 990 "L of pentane in a 4-mL 
glass, blacktop vial. Standards were prepared for all nine ignitable liquids in triplicate to 
test pipetting efficiency and reproducibility of the analyst. A portion of each standard 
dilution was transferred into a glass insert of the GC vial and analyzed by GC-MS along 
with appropriate extracted samples. A fresh, new standard set was prepared and used 
for each experiment to retain consistency.  
2.5. Instrumental Analysis by GC-MS 
 All data was acquired using an Agilent 7890A gas chromatograph, coupled to an 
Agilent 5975C inert XL EI/CI mass selective detector (MSD). GC separations were 
performed using an Agilent J&W HP- 5MS column (30 m x 0.25 mm x 0.25 "m). The 
carrier gas was helium. MSD ChemStation® Software, version E.02.00.493, was utilized 
for chromatographic data analysis. Two different GC-MS methods were optimized and 
used for samples of different boiling point ranges. ATARSON1.M method was used for 
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diesel analysis, while ATARSON2.M method was used for all other IL samples. Please 
refer to Table 5 for a complete list of method parameters. 
 
 
Table 5. GC-MS parameters for ATARSON1.M and ATARSON2.M methods. 
 
 
2.6. Data Analysis 
Following instrumental analysis, ChemStation® software was used to collect and 
analyze peak area values for targeted compounds in each sample and its respective 
standards. In cases where an ignitable liquid is composed of relatively few compounds, 
and peak areas are chromatographically resolved, a total ion chromatogram (TIC) was 
sufficient for data analysis. However, the majority of ignitable liquids are more complex. 
In those cases, an extracted ion profile (EIP) was generated to evaluate and compare 
peak areas of target compounds. These peak areas were compared over time: before and 
after degradation. The EIPs were generated using characteristic ions for specific 
compound classes: (m/z 57, 71) for alkanes, (m/z 91,106) for aromatics, and (m/z 55,69) for 
ATARSON1.M ATARSON2.M 
Temperature 150°C Temperature  150°C 
Pressure 2.4622psi Pressure 2.4622psi Injection  
Volume 2"L 
Injection 
Volume 2"L 
Inlet mode Split Inlet Mode Split 
Split Ratio 15:1 Split ratio 15:1 
Carrier Gas Flow Rate 0.62143 mL/min Carrier Gas Flow Rate 
0.62143 
mL/min 
Initial 
Temperature 
40°C held for 
1 min 
Initial 
Temperature 
40°C held for 3 
min 
Ramp 15°C/min Ramp 15°C/min Oven 
Final 
Temperature 
280°C held 
for 3 min 
Oven 
Final 
Temperature 
200°C held for 
3 min 
Solvent 
Delay 3 min 
Solvent 
Delay 3 min MS 
Scan Range 50 amu-500amu 
MS 
Scan Range 50 amu-500amu 
Total Run Time 22.22 min Total Run Time 16.67min 
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cycloalkanes. This method allowed the analyst to filter out the selected compounds from 
the complexity of the chromatogram.  
The areas of the targeted peaks in both the TIC and EIP were evaluated using an 
automated integration system of the ChemStation ® software. In cases where peaks 
were not accurately integrated or not integrated at all, manual integration was 
implemented.  
When all triplicate peak values were obtained, a mean, standard deviation, and 
relative standard deviation were calculated for each triplicate data set. Normalization 
was achieved by dividing the average value of each sample set by the average value of 
each standard set. This was done for each target compound for all of the analyzed time 
points (Day 0, 8, etc.) within every study conducted. Resultant ratios for each target 
compound were compared to each other over different time points to assess the level of 
degradation over time. Normalization not only allows the analyst to compare samples 
within a study, but also among different studies, which is advantageous when different 
soil types are compared to each other.  
 
 
 
 
 
 
 
 
 
 
 41 
3. RESULTS AND DISCUSSION 
3.1. General Degradation Study 
 3.1.1. Gasoline 
The study of gasoline degradation was chosen due to its popularity as an accelerant 
in arson cases. Although gasoline is composed of many classes of compounds, current 
data analysis focused only on the aromatic content. The target peaks were divided into 
two groupings. The first four targeted peaks were toluene, ethylbenzene, m- and p-
xylene, and o-xylene compounds; the last three peaks belonging to the C2-alkylbenzene 
group. The C3-alkylbenzene group includes propylbenzene, 3-ethyltoluene, 1,3,5-TMB, 
2-ethyltoluene, and 1,2,4-TMB. The chemical structures of these compounds are shown 
in Figure 1.  Degradation of gasoline was studied over time intervals, extending to 
twenty-six days. Figures 6 and 7 show linear graphs, depicting the rate of degradation of 
the C1-, C2- and C 3- alkyl benzene compounds. The majority of degradation was 
observed within the first week, where the peak areas dropped significantly. Selective 
degradation of targeted compounds was observed, unlike the phenomenon that occurs 
in weathering, where the loss of compounds begins with lighter molecular weights and 
proceeds toward heavier [8]. While observing degradation of the C1- and C2-
alkylbenzenes, toluene, ethylbenzene, and o-xylene are degraded faster than m,p-xylene. 
The only difference between m,p-xylene and o-xylene is the spatial position of the methyl 
substituent. This indicates that the position of the methyl substituent plays a role in a 
selective microbial degradation. The difference in degradation of m,p-xylene to toluene, 
ethylbenzene, and o-xylene was found to be statistically significant by performing a 
student T-test.  
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Similar trends of selective degradation were observed when analyzing the 
compounds in a C3-alkyl benzene group. All five compounds have different 
degradation rates, however, they are not in the order of increasing molecular weight.  
 
a) 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
It was observed that 1,3,5-TMB and 2-ethyltoluene were statistically less susceptible to 
degradation than their structural isomers- 1,2,4-TMB and 3-ethyltoluene. It is important 
to point out that identification of 1,2,4-TMB is vital for gasoline identification, and its 
Figure 6. The rate of degradation of C1- and C2-alkylbenzenes over 26 days. a) 
Shows degradation over the entire 26 days, while b) concentrates on Day 8 
through Day 26. 
 43 
0.0#
20.0#
40.0#
60.0#
80.0#
100.0#
120.0#
Day 0# Day8# Day 16# Day 26#
%
 R
em
ai
ni
ng
 of
 P
ea
k 
Ar
ea
!
Time!
C3-Alkyl Benzene Group!
Propyl benzene#
3-ethyltoluene#
1,3,5-trimethylbenzene#
2-ethyltoluene#
1,2,4-trimethylbenzene#
fast degradation can significantly impact the results of a fire debris analysis. The 
selective degradation of individual compounds within the C2- and C3-alkylbenzenes has 
contradictory reports within the literature, however, accounts of faster degradation of 
the C2-alkyl benzene compounds over C3-alkyl benzene compounds remains consistent 
[7,19].  
 
  a) 
 
 
 
 
 
 
 
  b) 
 
 
 
 
 
 
 
During the twenty-six day degradation study, most of the degradation of the C2-alkyl 
benzenes occurred in the first eight days, degrading more than 80% of the peak area. In 
comparison, the overall percent degradation of C3-alkyl benzenes in the first eight days 
Figure 7. The rate of degradation of C3-alkylbenzenes. a) Shows degradation over the 
entire 26 days, while b) focuses on Day 16 and Day 26. 
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ranged from 7-74%, depending on the compound.  Table 6 illustrates relative percent (%) 
decrease of individual compounds within the two groups. The reason for this selectivity 
is not yet understood, however, Turner et al. hypothesized that certain molecular 
structures are more preferred based on the enthalpy of reaction pertaining to their 
degradation [19]. Despite different rates of degradation, all studied compounds were 
more than 90% degraded by Day 16. Little change in degradation occurred between Day 
16 and Day 26. This could be explained by the depletion of nutrients and oxygen in the 
closed environment and/or the depletion of carbon as a fuel source for microbial 
metabolism. By the end of the study, compounds characteristic of gasoline were nearly 
depleted. In a real life scenario, recognition of gasoline in these cases would be 
problematic. 
Table 6. Percent decrease of target compounds pertaining to gasoline over twenty-six 
days. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 3.1.2. Heavy Petroleum Distillate 
Diesel is another popular ignitable liquid used to initiate fires due to its availability 
at gas stations, along with gasoline. Diesel is a heavy petroleum distillate composed of 
predominantly n-alkane compounds, with lesser abundances of aromatics, branched- 
% Decrease 
  Day8* Day 16 Day 26 
Toluene 98.2 99.0 98.9 
Ethyl benzene 94.7 98.7 98.9 
m,p-xylene 84.4 97.7 98.1 
o-xylene 97.7 99.1 99.3 
Propylbenzene 91.4 98.4 98.9 
3-ethyltoluene 74.3 96.8 97.5 
1,3,5-trimethyl 
benzene 7.2 92.4 96.5 
2-ethyltoluene 31.6 94.5 97.4 
1,2,4-
trimethylbenzene 47.2 96.1 97.4 
* Day 0 has been omitted since no degradation occurred. 
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and cycloalkane products. The diversity of compounds making up diesel is similar to 
gasoline, however, the two IL classes differ by their relative abundances of n-alkanes 
and aromatics. The difference in the abundance of alkanes to aromatics makes the 
chromatographic pattern of diesel easily distinguishable from that of gasoline. Although 
a heavy petroleum distillate is easy to recognize chromatographically, it is at a high risk 
of being misclassified when subjected to microbial degradation. Targeted compounds in 
this degradation study were six n-alkanes, ranging from C15-C20, and two branched 
alkane compounds- pristane and phytane-which are necessary for the identification of 
diesel, specifically. Data depicted in Figure 8 shows degradation of C15-alkanes to C20-
alkanes.              
 
 
 
 
 
 
 
 
 
 
Turner et al. previously stated that the optimal n-alkane chain length for microbial 
metabolism is C9-C16; additionally, degradation decreases as the chain length increases, 
which was evident in these results as well [19]. The rate of degradation increased 
starting with pentadecane (C15), followed by hexadecane (C16), heptadecane (C17), and so 
Figure 8. Rate of degradation of alkanes in diesel. 
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on. However, this degradation trend was not observed with pristane and phytane, even 
though they eluted after C17 and octadecane (C18), respectively. When comparing the 
degradation of pristane and phytane (Figure 9) to the normal alkane compounds, 
degradation slowed for these isoalkane products; even eicosane (C20) was degraded 
faster than both pristane and phytane. Chromatographically, by the twenty-sixth day of 
the study, no n-alkanes were present and what remains is an unresolved envelope, 
lacking any equidistant peaks (Figures 10-11).  
     
 
 
 
 
 
 
This degraded diesel profile could be mistaken for an isoparaffinic product. The only 
two peaks still discernable in the chromatogram were pristane and phytane. Literature 
shows that when pristane and phytane exist in a product with other chemical 
compounds, such as normal alkanes and aromatics, their degradation is delayed if not 
existent at all [36]. Degradation of isoalkanes occurs when the preferred compounds are 
fully degraded or specific strains of bacteria are present. Metabolism of branched 
alkanes adds to the degree of the unresolved baseline. Literature suggests that as 
isoalkanes are consumed, new products are formed as an intermediate or the end-result 
of metabolism [36]. Accumulation of dicarboxylic acids, such as pristanic and 
pristandionic acids, among many others, contributes to the already unresolved baseline.
Figure 9. Molecular structure of pristane and phytane compounds. 
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 a) 
 
 
 
 
                     
 
 b) 
 
 
 
 
 
 
 
 
 
 a) 
 
 
 
 
 
 
Figure 10. Total ion chromatograms depicting microbial degradation of diesel: a) Day 
0, b) Day 26. Peak numbers indicate individual compounds: 1) Pentadecane, 2) 
Hexadecane, 3) Heptadecane, 4) Pristane, 5) Octadecane, 6) Phytane, 7) Nonadecane, 
and 8) Eicosane. 
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 b) 
 
 
 
 
 
 
 
 
3.1.3. Naphthenic-paraffinic Product 
Naphthenic-paraffinic products are composed primarily of cycloalkanes and 
isoalkanes, neither of which are the preferred metabolic products for microorganisms. 
Most of the cycloalkanes and complex branched alkanes require particular bacterial 
strain associations to be degraded by the co-oxidation process [17,35]. In this study, a 
commercial product representing this class of ignitable liquids is VM&P Naphtha- a 
drying solvent, which is easily obtained from local hardware stores. Four compounds 
were studied, which fall into two chemical classes: cycloalkanes and isoalkanes. 
Dimethyl- and trimethylcyclohexane, along with 3-methyloctane and dimethylheptane 
were subjected to degradation for a time period of twenty-six days. When comparing the 
rate of degradation of cycloalkanes versus isoalkanes, there is an evident bacterial 
preference for isoalkanes over cycloalkanes (Figure 12). More than ninety percent of 
isoalkanes were degraded in eight days, in comparison to less than sixty percent of the 
degraded cycloalkanes. This is an interesting observation when comparing the rate of 
degradation of isoalkanes in a naphthenic-paraffinic product and a limited degradation 
Figure 11. Extracted ion profile of alkanes using m/z 57, depicting microbial 
degradation of diesel: a) Day0, b) Day 26. Peak numbers indicate individual 
compounds: 1) Pentadecane, 2) Hexadecane, 3) Heptadecane, 4) Pristane, 5) 
Octadecane, 6) Phytane, 7) Nonadecane, and 8) Eicosane. 
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of pristane and phytane in a diesel study. The slower degradation of pristane and 
phytane could be attributed to the prevalent abundance of n-alkanes in diesel, which are 
degraded first [36]. In a naphthenic-paraffinic product, the only other existing class of 
compounds is cycloalkanes, which are not easily metabolized. This causes a more rapid 
degradation of the isoalkane compounds.  
When comparing the individual compounds within each chemical class in a 
naphthenic-paraffinic product, some trends were observed. Figure 12a shows only one 
possible structural arrangement of the selected compounds of cycloalkanes and 
isoalkanes. Trimethylcyclohexane was degraded faster than the less substituted 
dimethylcyclohexane. Literature has shown that the more-substituted cycloalkanes 
degrade more easily than the less- or unsubstituted forms [35]. The two target isoalkanes 
have the same chemical formula (C9H20), yet they differ in the number of methyl groups 
attached to each backbone. Data analysis shows that there is a slight preference of 
dimethylheptane over 3-methyloctane. Although differences exist between two 
compounds within each chemical class, these variances are statistically insignificant. The 
important observation is the clear preference of isoalkanes over cycloalkanes. 
Nonetheless, Solano-Serena et al. observed that additional methyl branching in 
isoalkane compounds deters metabolic activity [32]. 
     a) 
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            b)           
 
 
 
 
 
 
 
 
 
 
An experimental assessment of this trend requires a broader range of isoalkanes, and 
should be revisited in the future using an isoparaffinic product. Based on pattern 
recognition techniques alone, the chromatographic profile of a naphthenic-paraffinic 
product appeared to be more resolved after twenty-six days of degradation (Figure 13). 
The remaining peaks were attributed to cycloalkanes using the mass spectral database. 
The significant lack of isoalkanes would make it impossible to classify this IL as a 
naphthenic-paraffinic product. 
 
 a) 
 
 
 
 
 
Figure 12. Microbial degradation of VM&P Naphtha: a) Chemical structures of 
selected compounds, and a b) Linear graph depicting the rate of degradation of 
selected compounds over time. 
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 b) 
 
 
 
 
 
 
 
 
3.1.4. Turpentine 
Turpentine is classified as a miscellaneous product because it does not fit in any 
other ignitable liquid classification according to ASTM guidelines. It is a natural product 
derived from pine wood, and is composed of various terpenes [17]. Terpenes are 
secondary metabolites to plants, and are produced, ironically, as a defense mechanism 
against bacteria and insects [42]. Based on previous studies by Turner et al. and Bicas et 
al., bacteria was found to degrade certain terpenes that are found in turpentine: α- and 
β-pinene, limonene, cymene, and camphene [17,42]. The structures of these terpenes are 
demonstrated in Figure 9. Bacterial strains, such as Pseudomonas, were observed to 
readily degrade limonene and both isomers of pinene, all of which are abundant in a 
turpentine product [42]. Overall, both authors found that turpentine could be used as 
the source of carbon for bacterial survival. In this study we focused on four of the many 
components found in turpentine: α-pinene, camphene, cineole, and limonene. Data of 
microbial degradation of these compounds is also presented in Figure 14. 
 
Figure 13. TIC depicting microbial degradation of VM&P Naphtha: a) Day 0, b) 
Day 26. 
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a) Turpentine Day 0         c) Selected Terpenes 
 
 
 
 
 
 
b) Turpentine Day 26 
 
 
 
 
 
 
 
  
Over the period of twenty-six days of incubation in soil, limonene and α-pinene 
were degraded the fastest, having only 0.7% and 3.6% remaining by Day 8. Although 
cineole decreased to 6.9% by the end of the study, this terpene exhibited the slowest 
degradation rate (Table 7). Microbial degradation of turpentine is not the only challenge 
in the forensic analysis. Discriminating flammable turpentine from natural terpenes 
emanating from hard wood flooring is another problem posed on fire debris analysis 
[43]. Microorganisms, however, do not show preference whether terpenes come from a 
commercial product or naturally from wood, hence it is of importance to understand 
which compounds will be readily degraded. 
Figure 14. Microbial degradation of turpentine. a) Day 0, b) Day 26, and c) Chemical 
structures of selected terpenes. 
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Table 7. Percent decrease of target terpene compounds over twenty-six days. 
 
 
 
 
 
3.1.5. Normal Alkane Product 
A commercial product, known as Ultra Pure® Lamp Oil, is composed solely of n-
alkanes. It is commercially available and can be easily used to start a fire. Targeted n-
alkane compounds ranged from dodecane (C12) to pentadecane (C15). Upon initial 
analysis, data revealed that C12 and C15 were degraded faster than C13 and C14. By Day 8, 
approximately 6% of C12 and 11% of C15 remained, while approximately 20% remained 
of both C13 and C14. A student T-test confirmed the significance of microbial preference 
of C12 and C15 over C13 and C14. Despite the uniqueness of these findings, they can only 
be correlated to degradation results of other n-alkane products. To compare these 
findings to the degradation trends of n-alkanes found in literature would be inaccurate, 
since n-alkane degradation data was derived from either petroleum distillates or 
gasoline products. Unlike the less refined medium and heavy petroleum distillate 
products, lamp oils are highly refined, and the absence of other chemical classes may 
affect the rate of degradation of n-alkanes. Different factors and/or forces may act on 
microorganisms in products composed solely of n-alkanes versus those composed of 
various classes of compounds. As mentioned before, co-oxidation is a real and proven 
phenomenon that could assist in greater degradation of n-alkanes in less refined 
products. By the end of 26 days, targeted n-alkanes were significantly diminished (<3%), 
yet still identifiable using the mass spectral database. 
% Decrease  
Compound Day8* Day 16 Day 26 
!-pinene 96.4 99.1 99.1 
camphene 82.6 98.3 98.3 
1,4-cineole 22.1 63.3 93.1 
limonene 99.3 99.4 99.4 
* Day 0 has been omitted since no degradation occurred. 
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3.1.6. Regular- and De-aromatized Medium Petroleum Distillates 
Two medium petroleum distillates (MPDs) were analyzed in parallel. A paint clean-up 
product represented a regular MPD, and a charcoal lighter fluid represented de-
aromatized MPD, where the aromatic content was removed during manufacturing. The 
reason for studying degradation effects of these two products was to observe whether 
the presence of aromatic components would impede or facilitate the degradation of n-
alkanes. Aromatic compounds exist as additional consumables and may introduce 
competition into the fuel source. Both liquids were exposed to the same degradation 
conditions: same type of soil, same temperature, and same duration. Three compounds 
were studied: nonane (C9), decane (C10), and undecane (C11). Data analysis indicated that 
all three peaks had a similar degree and rate of degradation- all three peaks were more 
than 95% degraded by Day 8 and nearly completely consumed (≈99%) by Day 26. A 
student T-test was performed on the data from the regular and de-aromatized distillate 
and showed that, despite some variance, the rate of degradation of the two types of 
distillates was not significantly different. The data is shown in Table 8. By the end of the 
study, both MPDs lacked any straight chain alkanes, and strongly resembled an 
isoparaffinic product. The cycloalkane contribution was too low in comparison to the 
alkane contribution, to mistake this product for a naphthenic-paraffinic product. 
However, when an extracted ion profile was generated to view the aromatic content, its 
presence in the regular MPD distinguished it from the de-aromatized product. Such 
small details as these can certainly serve as an exclusionary factor in forensic cases. 
3.1.7. Degradation of Normal Alkanes Ranging From Nonane to Eicosane 
The purpose of this data analysis was to observe trends, if any, in the degradation of 
a broader range of normal alkanes. Data was acquired from the IL products previously 
used and analyzed in this experiment. 
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Table 8. Microbial degradation of selected n-alkanes in a regular and de-aromatized 
MPD. P-values of a student T-test indicate no significant difference in degradation 
between the two products. 
 
 
 
 
 
 
 
 
 
 
 
 
The molecular weight range of n-alkanes was C9 to C20, excluding C13-C14. Normalization 
of the peaks made it possible to compare degradation rates of different compounds even 
though they were analyzed in different products and on different days. Nonane through 
dodecane data was taken from the paint clean-up product (MPD) and C15 through C20 
data was taken from the diesel (HPD) product. Although the lamp oil product that was 
studied in this thesis provided information on n-C13 and n-C14, these compounds were 
not degraded in a poorly refined product such as a distillate and their data was excluded 
in order to maintain consistency. Figure 15(a-b) demonstrates the percent remaining 
versus time of the ten selected compounds. Day 0 was excluded from the graph since all 
the compounds’ peak areas started at a “100%” mark. Figure 15a shows the graph 
covering Day 8 through Day 26, and graph 15b shows the close up of only Day 16 to Day 
26, accentuating the ongoing degradation when little remains of the compounds.  
% Remaining  
  Day 0 Day8 Day 16 Day 26 
Nonane 100.0 3.4 1.0 0.5 
Decane  100.0 6.9 3.5 1.1 
De-
aromatized 
MPD Undecane 100.0 4.3 2.4 1.1 
  Day 0 Day8 Day 16 Day 26 
Nonane 100.0 1.6 1.1 1.0 
Decane 100.0 3.7 1.8 1.3 
Regular 
MPD 
Undecane 100.0 4.1 1.3 1.3 
Statistical comparison of n-alkane degradation between two 
types of MPDs 
    
Student T-test     
(p-values)*     
  Nonane 0.1757    
  Decane  0.1087    
  Undecane 0.1482     
 *P-values ≥0.05 indicate that the differences between two data sets are 
not significant.  
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There is an observed trend of lighter compounds, such as nonane through 
pentadecane, degrading faster in the first eight days. The next eight days show a reverse 
trend, where little degradation occurs among the lighter compounds and greater among 
the heavier (C16 to C20). Kirkbride et al. stated that microbial degradation occurs 
predominantly in n-alkanes ranging from C9 to C16, and this is evident from the data 
shown here [44]. By the end of twenty-six days, however, all of the compounds were 
significantly degraded.          
Figure 15. Microbial degradation of selected normal alkanes, ranging from nonane 
to eicosane. a) Degradation over 26 days and b) Degradation on Day 16 and Day 
26. 
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3.1.8. Degradation Comparison of Aromatic Products and Aromatic Compounds in Gasoline 
For this study, two commercial products were chosen, which solely consisted of 
aromatic compounds: Goof Off® contained ethylbenzene, m,p-xylene, and o-xylene, and 
lacquer thinner contained only toluene. Degradation of these compounds was compared 
to the data of the same aromatic compounds found in gasoline. The reason for such 
analysis is similar to the comparison study of regular and de-aromatized petroleum 
distillates. Because gasoline is a mixture of other compounds aside from aromatics, it is 
interesting to observe and analyze how the alkane content in gasoline affects the 
degradation of its aromatic content. After a statistical analysis was performed, the data 
showed that the degradation rate of ethylbenzene, m,p-xylene, and o-xylene in highly 
refined products was not significantly different from the degradation of the same 
compounds found in gasoline. Degradation rates of these compounds follow the same 
trends as were described in the gasoline degradation discussion, where ethylbenzene 
and o-xylene degraded at a faster rate than m,p-xylene (data not shown). Toluene, on the 
other hand, was degraded significantly slower in lacquer thinner than in gasoline, which 
was statistically supported by the student T-test. Despite this significant variation, in 
both cases, toluene was almost fully degraded from Day 0 to Day 8. By Day 8, only 1.8% 
of toluene remained in gasoline and 5% remained in a lacquer thinner product. That is 
still an extraordinary decrease in just eight days. After 26 days of microbial metabolism, 
toluene, ethylbenzene, m,p-xylene, and o-xylene in gasoline, Goof Off®, and lacquer 
thinner were nearly completely consumed, with less then 3% remaining of the initial 
peak areas. It must be noted that all of the data was compared to diluted IL standards. 
Positive controls of IL spiked into bacteria-free soil were not used in this experiment, 
therefore, degradation of lighter compounds cannot be attributed only to degradation 
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without accounting for the effects that weathering may have had. The necessity of 
positive controls will be further discussed in the Future Directions.  
3.2. Specific Soil Study: Sand Versus Clay 
This experiment was carried out to observe how microbial degradation is 
affected in different soil types, given that experimental conditions are all the same. There 
is a level of contradiction in the literature when sand is compared to clay. Thus far, there 
are no concrete indications whether bacteria in one soil type degrades petroleum-based 
compounds faster than in other soils. Many factors play a role when it comes to making 
favorable conditions for microbial degradation. Sand, having the largest particle size, is 
good for continuous flow of nutrients, microorganisms, and water, with constant oxygen 
replenishment. Clay, having the finer particle size, does not allow much movement, but 
prevents water loss during a dry climate. Nonetheless, clay is prone to saturation and 
thus eventual depletion of available oxygen.  
 In this experiment, degradation rates of five ignitable liquids were studied and 
compared between two soil types: sand and clay. The duration of the study was seven 
days long. Ignitable liquids tested during this study were gasoline, diesel, VM&P 
Naphtha, paint clean-up, and lamp oil products. Data analysis in this study utilized the 
student T-test to make accurate statistical comparisons between two soil types. The 
target compounds were the same as in previously discussed experiments. Overall, 
uniqueness of the results showed that microorganisms in clay degraded branched 
alkane, cycloalkane and aromatic compounds faster; however, metabolism of normal 
alkanes was found to be faster in sand. Table 9 shows commercial products and the 
hydrocarbon chain length that was studied in each, along with their data. The data 
shown incorporates percent of remaining peak area by Day 3. The reason for this is that 
greater fluctuation in degradation rates happens in the beginning of the metabolism 
 59 
when the availability of nutrients is optimal.  In all three products - diesel, paint clean 
up, and lamp oil- the majority of the n-alkanes were degraded faster in sand. The lighter 
n-alkanes (C9-C12) were diminished faster in sand, however, as the molecular weight 
increased (C13-C18), more of these n-alkanes were degraded in clay. Faster degradation in 
clay also occurred in isoalkane, cycloalkane, and aromatic compounds. Table 9 shows 
the targeted compounds in gasoline and naphthenic-paraffinic products, in addition to 
pristane and phytane derived from diesel. There is no simple explanation within the 
literature of why such trends were observed, nor is there a consensus on which soil type 
provides better conditions for microbial degradation. There are many factors to 
consider, starting with specific strains that inhabit the soil, type of nutrients available, 
and the water content. The time of the year the soil was collected is also important. 
During cold temperatures, bacteria slow down their metabolic activity. There is a theory 
that could shed some light on the unique selectivity of chemical classes of the different 
soil types. It has been proposed that relative solubility of hydrocarbons in water is an 
important factor for its accessibility to various bacterial strains in aquatic environments 
[39]. At the time of collection, clay soil was saturated with water. This could affect 
degradation depending on the solubility of certain hydrocarbons in water. 
Hydrocarbons are nonpolar molecules and their solubility in a polar solvent, such as 
water, is minimal but not non-existent. Clayton McAuliffe has studied the partial 
solubilities of various hydrocarbons in water [39].  He concluded that normal alkanes 
have the lowest water solubility compared to branched alkane and aromatic compounds 
[39].  
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Table 9. Comparison of degradation rates between clay and sand soils. Columns in 
orange indicate greater degradation. 
 
 This may explain why heavier n-alkanes, isoalkanes, cycloalkanes and aromatics were 
degraded faster in clay, whereas lighter alkanes were metabolized more readily in sand. 
Literature on microbial degradation fails to produce any concrete explanations, and 
perhaps there are factors beyond hydrocarbon solubility that may cause selective 
degradation among different soil types. It should also be noted that the difference in 
weight of different soil types during the experimental setup must be accounted for in the 
results. As was previously mentioned, upon collection, clay was heavily saturated with 
water. If the weight of clay was matched to that of sand during soil distribution into the 
paint cans, the amount of clay soil would have been significantly lower than sand. This 
may have in turn affected the size of the microbial population. In this study, the amount 
of clay in a paint can was approximated to match the amount of sand.  
 
Product 
Classifica-
tion 
  Clay Sand 
Product 
Classifica- 
tion 
  Clay Sand 
  Compound 
% Remaining 
by Day 3    Compound 
% 
Remaining 
by Day 3 
Nonane 50.2 30.1 Toluene 38.2 67.4 
Decane 55.2 13.9 Ethylbenzene 44.7 63.9 
Undecane 45.9 10.7 m,p-Xylene 54.8 67.9 
MPD        
(Paint 
Clean-Up) 
Dodecane 47.4 11.2 o-Xylene 39.4 67.9 
Dodecane 71.1 22.1 Propylbenzene 43.6 54.1 
Tridecane 82.5 48.0 3-Ethyltoluene 46.3 53.8 
Tetradecane 89.4 68.6 1,3,5-TMB 50.4 67.6 
Normal 
alkane 
(Lamp Oil) 
Pentadecane 94.9 81.6 2-Ethyltoluene 48.0 66.4 
Pentadecane 55.9 34.9 
Gasoline 
1,2,4-TMB 51.4 65.0 
Hexadecane 59.4 51.4 Dimethylcyclohexane 54.5 89.1 
Heptadecane 65.4 68.0 Trimethylcyclohexane 46.1 83.0 
Octadecane 64.1 60.2 3-Methyloctane 51.9 80.4 
Pristane 75.0 100.7 Dimethylheptane 48.6 42.9 
HPD      
(Diesel) 
Phytane 71.5 106.0 
Naphthenic-
paraffinic 
(VM&P 
Naphtha) 
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3.3. Storage Study 
Currently, there is no consensus within the forensic science community on the 
storage conditions of arson-related soil samples. It has been proposed to either 
refrigerate or freeze soil evidence [6]. It is a known fact that cold temperatures 
significantly slow down any metabolic activity of microorganisms. However, it has been 
previously observed that some level of activity remains at 5°C temperatures [6]. Mann et 
al. carried out experiments where soil samples were stored at -5 °C for 60 days [7]. Their 
results showed minimal change to their gasoline samples from Day 0. The importance of 
this study is to observe whether degradation of ignitable liquids continues at 
refrigerated and freezing storage conditions over longer time intervals. Gasoline was the 
only ignitable liquid tested due to its popularity among arsonists. The duration of this 
study was six months, which is a realistic time frame for which evidence is stored due to 
case backlogs [19]. The same compounds were targeted in this study as in the previous 
studies presented within this thesis: toluene, C2-, and C3-alkyl benzene compounds. 
Figure 16(a-d) shows the differences in the two storage conditions. It is apparent that 
gasoline remained preserved when frozen, while less than ten percent (<10%) of all 
targeted compounds remained when samples were refrigerated. This comparison and 
discovery is vital to the forensic community, where many soil samples are stored 
refrigerated, waiting for analysis. With this knowledge, it is pertinent to educate the 
forensic science community to store any soil and arson-related samples at temperatures 
equal to or less than -15 °C. 
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a) Gasoline: 5 °C Day 0  
 
  
 
 
 
 
  
b) Gasoline: 5 °C 6 months  
  
 
 
 
  
 
 
c) Gasoline: -15 °C Day 0 
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d) Gasoline: -15 °C 6 months 
 
 
 
 
 
 
Figure 16. Degradation of gasoline stored at two conditions: 5 C and -15 C. (1. toluene, 
2. ethylbenzene, 3. m,p-xylene, 4. o-xylene, 5. propylbenzene, 6. 3-ethylbenzene, 7. 
1,3,5-TMB, 8. 2-ethylbenzene, 9. 1,2,4-TMB) 
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4. CONCLUSIONS 
 For years the microbial degradation of petroleum hydrocarbons has been studied 
strictly for environmental purposes, as a means to naturally clean up oil spills from 
terrestrial and aquatic environments. Most recently, bioremediation has been of interest 
within forensic science community, specifically within the area of fire debris analysis. It 
has been known that petroleum-based ignitable liquids are degraded in soil by innate 
microorganisms, thus complicating fire debris analysis.  
 Aromatic compounds characteristic of gasoline have been nearly fully degraded 
over twenty-six days, making gasoline unidentifiable.  Specific aromatic compounds 
were degraded by microorganisms at different rates. Toluene, ethylbenzene, and o-
xylene were degraded faster than m,p-xylene. Similarly, 3-ethylbenzene and 1,2,4-TMB 
were preferentially consumed over 2-ethylbenzene and 1,3,5-TMB. When the rates of 
degradation of ethylbenzene and xylenes were compared to those in aromatic products, 
no differences were observed. However, a toluene-based commercial product showed 
slower degradation than toluene in gasoline.  
 Degradation of the alkane contribution of a heavy petroleum distillate (diesel) 
was studied. Consumption was fastest of pentadecane and slowed down as the chain 
length of n-alkanes increased, however the two diesel-characteristic isoalkanes, pristane 
and phytane, exhibited the most resistance towards degradation. By the end of twenty-
six days, diesel consisted of a highly unresolved baseline, lacking any equidistant n-
alkane peaks. The resultant profile could be mistaken for an isoparaffinic product.  
 Two types of medium petroleum distillates –regular and de-aromatized- were 
compared to each other. The absence or presence of aromatic content did not affect the 
rate at which normal alkanes were degraded. By the end of the analytical timeframe, 
both products lacked the spiking n-alkanes characteristic of distillates and heavily 
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resembled an isoparaffinic product. The aromatic contribution in a regular MPD was 
still observed when an extracted ion profile was generated. The degradation of the 
aromatic compounds within the regular MPD was not studied, and could be revisited in 
future experiments.  
 Microorganisms demonstrated limited degrading abilities in a naphthenic-
paraffinic product. Degradation of isoalkanes and cycloalkanes were compared, 
showing that bacteria prefer a branched molecular structure over cyclic. Although more 
than 93% of the target compounds were degraded within twenty-six days, branched 
alkanes were consumed much faster in the first eight days of the study. 
 Turpentine consists of many terpene compounds that also occur naturally in 
woods. Structurally, terpenes differ from the normally preferred hydrocarbons, such as 
alkanes and aromatics; still, bacteria showed that some terpenes could be a viable carbon 
source. Alpha-pinene, camphene, and limonene were readily degraded; however, 1,4-
cineole was not. A possible reason for this could be that 1,4-cineole is a cyclic ether, and 
the presence of oxygen in its structure resists microbial degradation.  
 Microbial degradation was also studied in a normal alkane product comprised of 
dodecane, tridecane, tetradecane, and pentadecane, the results of which showed 
microbial preference towards dodecane and pentadecane. Rates of degradation were 
compared among a range of n-alkanes, starting from C9 to C20, with the exclusion of C13 
and C14. The two n-alkanes were excluded because they were components of a highly 
refined product, in comparison to a less refined product, such as a petroleum distillate.  
The rate of consumption varied among hydrocarbons of different molecular weight. The 
lighter n-alkanes degraded the fastest in the first eight days followed by increased 
degradation of the heavier hydrocarbons.  
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 Studies on clay and sand soils generated the most interesting results. For the 
most part, straight-chain alkanes were degraded faster in sand, however, isoalkanes, 
cycloalkanes, and aromatics were more readily consumed in clay. It is hypothesized that 
relative solubilities of various hydrocarbon classes affect the exposure of petroleum 
compounds to microbial attack. 
 The results of the storage comparison study are of significant importance to the 
forensic science community. Storage conditions directly affect the outcome of a fire 
debris analysis, specifically related to soil samples. Gasoline, stored in soil for 6 months, 
was completely preserved when frozen (-15 °C), whereas less than 10% of the target 
compounds remained when refrigerated (5 °C).  
 This study focused on broadening an understanding of the effects of microbial 
degradation of ignitable liquids in soil. So far, similar forensic-related studies were 
carried out using only on gasoline and diesel fuel. Unfortunately, there are far more 
readily available commercial products that could be used to start a fire. Understanding 
the pathways microbial degradation takes in different classifications of ignitable liquids 
can lead to more accurate fire debris interpretations.   
4.1. Future Directions 
 Further research should incorporate positive controls where the IL is spiked into 
a bacteria-free soil. This can be achieved through the action of autoclaving the soil. 
Positive controls are necessary in this study to monitor the evaporation of ignitable 
liquids, specifically of lighter hydrocarbons. The high tenacity of soil makes it an 
excellent matrix for absorbing and retaining ignitable liquids, however, it is not certain 
that when the container is opened for analysis, some portion of ignitable liquids is not 
lost to the environment. Accounting for possible evaporation during the analysis will 
make for more accurate data assessment.  
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 As was demonstrated in this study, the texture of different soil types affects the 
rate of microbial degradation. Aside from clay and sand, the effects of silt soil should 
also be studied in the future. Silt is known to have an intermediate particle size and a 
different environment from silt and clay. It cannot be stated with certainty that, if re-
analyzed, clay and sand will behave in the same manner as it did in this study. Soils, 
even of the same texture, taken from different locations will vary in its bacterial flora, 
and thus behave differently. There are many factors, which cannot all be accounted for, 
that affect microbial degradation. Therefore, analyzing soils from different regions of the 
continental United States would provide a broader variety on degradation patterns. 
Additionally, microbial metabolism is greatly affected by seasonal changes. In this 
study, soil samples were gathered during the winter season, when microbial activity is 
significantly slowed down. The speed of degradation could be much faster if soil is 
collected during the summer or fall seasons, where the decay of the natural environment 
provides additional fuel for the microbial community. In fact, research has shown that 
while the size of the community remained unchanged throughout different seasons, 
microbial activity increased by 83% during the summer temperatures ranging from 20 
°C to 33 °C [45]. 
 The difference in hydrocarbon consumption in clay versus sand soils posed an 
interesting question: how much of an effect does water content have on microbial 
degradation? The proposed theory is that certain hydrocarbons have relative water 
solubility higher than others, making them more susceptible to microbial degradation. 
Also, whenever a petroleum product is spilled onto a water surface, its dispersal is 
horizontal, making more of its surface area accessible to the microbial attack [35]. 
Although these are still theories, the degree of water saturation in soil should be studied 
in the future.   
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 Further studies should concentrate on replicating soil evidence from an actual 
arson investigation. In addition to microbial attack, ignitable liquids will suffer from the 
heat of the fire itself, thus introducing weathering effects to the chromatogram. 
Furthermore, the concentration of ignitable liquid added to the soil is variable, unlike in 
the controlled conditions introduced in a laboratory setting. In reality, an accelerant is 
poured into and/or around a building or a vehicle in quantities far greater than those 
used in controlled experiments. Research has shown that certain concentrations of 
ignitable liquid can actually be toxic to bacteria [29].  
In addition to unfavorable concentrations, soils containing fertilizers should also 
be studied. Previous studies described within the literature focused on using soils from 
uncontaminated locations, however this will not be the case in real life. The crime of 
arson primarily occurs in residential communities where fertilized soil is often 
encountered. Fertilization adds nutrients, such as nitrogen and phosphorus to soil, 
accelerating plant growth, as well as increasing bacterial population [35].  Therefore, real 
life scenarios are vital for furthering the knowledge about microbial degradation of IL in 
soil samples.  
Gasoline and diesel are still the most popular accelerants used by arsonists, 
mainly due to their ready availability at every gas station. This study attempted to 
expand sources of ignitable liquids to commercial products. Only a handful of these 
products were studied, yet there is still a vast variety of flammables in retail stores, 
ready for purchase. Different brands of the same product type may have diverse 
petroleum components. For example, the lamp oil in this study consisted of normal 
alkanes; however, a lamp oil from a different manufacturer may contain a petroleum 
distillate. Furthermore, commercial products may have blends of different classes of 
ignitable liquids, which may affect microbial degradation.  
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The presented work attempted to study the rates of degradation of the selected 
aromatic and n-alkane compounds by evaluating the data from its various experiments. 
For future studies, it is advised to make known, separate mixtures of n-alkane and 
aromatic compounds and repeat the degradation studies over time.  
Alternative fuels are emerging into the market today. Biodiesel is a new, eco-
friendly fuel that is manufactured from either vegetable and/or animal oils. It is sold in 
pure form or as a blend with diesel [46]. Although, biodiesel is not common in fire 
debris samples, it is equally important to get acquainted with the affect of microbial 
degradation on other nonpetroleum-based liquids. 
Microbial degradation of petroleum-based ignitable liquids in soil samples is an 
important issue in fire debris analysis. If not properly stored, innate soil bacteria will 
metabolize specific classes of hydrocarbons in as little as eight days. Straight chain 
alkanes and aromatics are more susceptible to microbial degradation than branched- 
and cycloalkanes. The resulting absence of n-alkanes and aromatics from a 
chromatographic pattern allows for misinterpretation of ignitable liquids, such as 
gasoline and petroleum distillates. The limited microbial degradation of less favorable 
hydrocarbons, such as branched- and cycloalkanes, introduces additional challenges to 
pattern recognition. Freezing arson-related soil samples deterred microbial degradation 
significantly for the duration of the tests performed in this research, six months. Further 
studies are necessary to assess the microbial degradation over longer time intervals if 
more storage time is necessary. Case backlogs are still an existing issue within forensic 
laboratories. Knowing how to properly collect, store and analyze forensic soil samples 
will increase the rate of successful identification of ignitable liquid residues within these 
samples. 
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